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ABSTOACT 



Dehydroepiandrosterone sulfate (DS), 16a -hydroxy dehydroepiandro - 
sterone sulfate (16a-0H-DS) and 16a-hydroxydehydroepiandro3terone 
(16a -OH -D) were i&easured in cord plasma of five anencej^alic fetuses 
with histologically proven hypoplasia of the fetal zone of the adrenal 
cortex, DS was determined by the ZiiHEertftann reaction on paper as des- 
cribed previously by us, the 16a -hydroxy lated compounds by a xoodifica- 
tion of the s^thod of Katz. These horinones were also measured in ante- 
cubital venous blood of the mothers of these fetuses. For comparison 
normal pregnant women and normal fetuses were studied. Neither 16a -OH -D 
nor 16a-0H-DS could be detected in peripheral blood of mothers bearing 
anencephalic or normal fetuses. In the former group, all DS levels 
(Hiis = 93±31 ugZ) were within the normal range, 16a -OH -D, 16a-0H-DS, or 
DS could not be detected in the cord plasma of anencephalic fetuses. 
If these steroids were present, their concentrations (< 10-25 |ig DS%, 
< 9.5-36 )ig 16a-OH-DS7, and < 4 ug 16a-0H-D%) were markedly reduced as 
compared with normal fetuses for which values are given. Evidence is 
presented for the natitre of 16a-0H-DS as a oonosulfate, presumably the 
3p-sulfate. The values reported for 16a-0H-DS are not corrected for 
losses; the corrected values would be about three times higher. It is 
hypothesized from this study that the decrease of 16a-<}H-D, 16a-0H-DS, 
and DS in blood of anencephalic fetuses is due to the hypoplasia of the 
fetal zone of the adrenal cortex, and is the major cause of the low ex- 
cretion of estrogens, especially estriol, in the maternal urine. 



INTRODUCTION 

In 1960 ten Berge reported an abnormally low value of urinary 
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produced in these cases is derived from DS circulating in the maternal 
plasma. In addition, evidence was presented for the synthesis of estriol 
from DS through a pathway v^ich does not involve estrone or estradiol. 
16 -hydroxy lation of DS in the maternal compartment, (e.g. in the maternal 
liver) might be such a pathway (9)» 

If the hypothesis that the fetal adrenal neutral Cj^g-steroids are 
the major source of precursors of placental estrogens at term is cor- 
rect, one would expect that the production of such precursors by the 
adrenals of anencephalic fetuses would be markedly reduced. These 
infants usually have a hypoplastic fetal zone of the adrenals which, 
indeed, does not synthesize cholesterol (10) or steroids from acetate 
in vitro (11) . 

Furthermore, one would expect Cj^g -steroids to be abnormally low in 
the blood of anencephalic fetuses. Results of measurements with older 
methods were controversial. Whereas DiGeorge, Arey and Bongiovanni (12) 
found high total neutral 17-ketosteroids in the plasma of an anencephalic 
fetus and later confirmed this finding in two other cases (13), Nichols, 
Lescure and Migeon (14) found no conjugated D in one case and very 
little in another. No free D could be detected by the latter authors. 
The discrepancy of these findings and the fact that the studies were 
done without control by internal standards, led us to restudy neutral 
C^^-steroids and their sulfates in the cord plasma of anencephalic 
fetuses. 

In 1964 we reported markedly decreased concentrations of DS, cor- 
rected on the basis of recovered 4-^^C-DS, in the cord plasma of two 
anencephalic babies (15). More recently. Colas and Heinrichs (6) 
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published measurements of uncorrected subnormal amounts of total D and 
total 16a-hydroxydehydroepiandrosterone (3P, lea-dihydroxy-androst-S-en- 
lT-one «= 16a -OH -D) in the plasma of four anencephalic fetuses. Further- 
more » Eberlein, found very little total A5.3p,hydroxy3terold sulfates 
in the blood of a three day old anencephalic fetus before and after ACTH 
administration (16). 

As to the levels of D in the maternal peripheral blood of such 
cases, again controversial results have been reported. Whereas Nichols 
et al. (14) found a markedly decreased value for conjugated D in one 
case. Colas and Heixirichs (6) measured normal values of total D in three 
out of four cases. Only one case had a slightly decreased value. 

We are nov7 presenting a more extended report of our findings on 
DS, and on "free" 16a -OH -D and 16a-0H-DS in five anencephalic fetuses 
with histologically proven hypoplasia of the fetal adrenal cortical 
zone. Values for these steroids in peripheral blood of the five loothers 
will also be reported. Normal values are included in all instances for 
comparison. Finally, we will present evidence as to the identity of 
16a-0H-DS in cord plasma as a monosulfate. 

MATERIALS AND METHODS 

Five anencephalic fetuses and their mothers were studied. Clinical 
data on them is summarized in table i» All patients had polyhydramnios. 
Autopsies and histological examinations of the adrenals were performed 
on all fetuses. Fetal pituitaries were not recognizable in cases I and 
V. Of the remaining cases only the pituitary of case III was studied 
microscopically. The histology of this pituitary appeared to be normal 
(17). 

For comparison plasma samples of normal mothers with normal fetuses 
were studied. The results for dehydroepiandrosterone sulfate in 20 
normal cases have been reported previously (15). In addition, plasma 
pools of 16 normal mothers and their fetuses were analyzed for 16a-CH-DS. 
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The voltjme of the p Is varied betireen 10 and 15 ml, and always con- 
tained either equal atoounts of fetal arterial, fetal venous or loaternal 
peripheral blood from a given case* Larger pools were analyzed for 
16a-0H-D (see table IV). Techniques for the collection of blood and 
preparation of the plasioa were as described previously (15). 

DehydrQepiandroaterone_8ulfate (DS) was determined and corrected for 
losses as described in an earlier paper (15). 

Uncon 1 ugated 16a ^^ydroacydehydr oepiandros terone (16a-0H-D) 

a. Quantitative measurement The so-called free steroids were ex- 
tracted, purified and chromatographed according to the method of 
Finkelstein, Forchielli^ and Dorfoan (18). ^Kie zone corresponding to 
authentic 16a-0H-D on the first paper chroi&atogram was rechromatographed 
on Whatman ^ paper with toluol :n-heptane:methanol:watex (500:500:300: 
150) at 29^ C* 

16a*-0H*D was detected on paper by a modification of the method of 
Katz (19) (AACS test). Chloroform was mixed with antimony trichloride 
(Hallinckrodt) on a magnetic plate until only a few crystals remained. 
The saturated solution was centrifuged and the clear supernatant was 
transferred to a separatory funnel before the addition of 1 ml of 
anisaldehyde and 2 ml of reagent grade sulfuric acid. After shaking 
one minute the phases were allowed to separate in the dark for one and a 
half hours. The paper was dipped in the chloroform solution two tiiaes, 
air dried and heated in an oven at 90* C for sis minutes* I^is proce- 
dure gave a more Intense and constant slate blue color x^th 16a -OH -D 
than did the original method. 

The quantification was performed as with DS (15) using the Spinco 
Analytrol according to Conrad and coworkers (20). The limit of detec- 
tion was approxinately 1 jag of 16a "OH -D distributed over a 2 cm2 area. 

The recovery was determined by the addition of 7a-^-16a-OH-D 
(21) to plasma and scanning the paper chromatograms before colorimetry 
with a 4pi-radioactograph (Nuclear Chicago) and then xaeasuring the 
areas under the peaks as recommended by Berliner et al.(22). 

^* ^pecifity By the chromatography and the color test applied 
none of the steroids discovered thus far in cord plasxaa (6, 16) were 
found to interfere with the measurement of 16a-0H*D. Specifically, in 
the paper chromatography system employed, the following di- and trihydro- 
xysteroids and monohydroxydioxosteroids (23) were separable from 16a*0H*D: 

35 , 170 -dihydroxy-androst-5 -en-16 -one androst -4 -ene-Sg , 17^ -diol 

16a , 17 g -dihydroxy-andr o s t -4 -en-3 -one 

andr OS t -5 -ene -3p , 17 g -dio 1 

androst -5-€ne-3p , 16a , 17p-triol 

3p,16a-dihydroxy-pregn-5-en-20-one 
It must be said, however, that our s^thod provides only tentative evid- 
ence for the presence of unconjugated 16a-0H-D in cord plasma as does 
the method used by Magendantz and Ryan (25, 26). 

16a «hydr oxydehydroepiandroster one sulfate (16a-0U-DS) 

a. Quantitative measurei^nt After extraction of unconjugated steroids 



pr€gn-5-ene-33 ,20a-diol 
50 -pregnane -3a , 20a -dio 1 
pregn-5-ene-3p ,20p-diol 
17g-hydro(xy-pregn-4-en-3,20-dione 
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the sulfate vas extracted aad paper dirooatographed together with DS 
as described earlier (15). The 16a-0H-DS zone was eluted and rechroma- 
tographed in butyl ether tti-hutatiol:am5»nlua hydrosldeziiater (500:500- 
100:900) on Whatman #2 paper at it C. 16a-0fl-DS was then eluted and 
solvolyzcd according to the method of Burstein and Liebenaan (26). The 
liberated 16a-OH-0 was chromatogra^ed on Whatoan #2 paper with toluol- 
n-heptane:methanol:water (500:500:3OO;150) at 29** C, colored and quan»* 
titated with the AACS reagent as described above, In.tiiree Instances 
tested, the recovery of 7a-^-l€a-C««DS indicated an accuracy of about 
The values reported are uncorrected. 

Evidence for the presence of a faonosulfate 

1. Eactractabillty as the pyrldiniuo salt with chloroform (27). 

2. Paper chromatograi^y In three Schneider and Lewbart (28) 
systems: a) butyl e^er :tert .-butanolraaawniua hydroxide :water (500:500: 
100:900), b) butyl ether :n-butanol:anBDoniuia hydrosEide twater (500:500:100: 
900), c) tolufine:ethyI acetate:n-butanol:aiHaonitna hydroxiderwater (400: 
100:500:100:900); colunm chromatography on Plorisil (20); thin layer 
chromatography on silica gel in two different systems: water saturated 
butanol, and water saturated benzene :fflethanol (50:50). 

The substance under discussion was detected in the monosulfate 
area on paper, and on thin layer, and in the monosulfate fraction eluted 
from the column, respectively, it had the. same chromatographic proper- 
ties as a monosulfate of authentic 7a-3H-16a-OH*D prepared by the method 
of Sobel and Spoerrl (29). 

3. The following tests were positive on paper: rfaodlzonic acid 
teat (30), phosphomolybdic acid test (31), MCS test (19), blue tetra- 
solium test (32); the ZisEiaermann test on paper (33) was negative. The 
methylen blue (34) and Pettenkofer test (35) were positive in solution, 

4. The failure of precipitation with digitonln as judged by thin 
layer chromatography on silica gel using water saturated butanol in 
which system no splitting of the dehydroepiandrosterone digltonide occurs. 
This could indicate that the con^imd Isolated from cord plasma is ester- 
ified with sulfuric acid in position 3g. However, it should be pointed 
out that substitutions on the D-ring are known to Interfere with digl- 
tonide formation. 

Other thin layer and paper chromatography systems were tried 
first aad discarded because the digltonide was unstable in them. 

5. Acetylation with 1-i^c-acetic anhydride and pyridine (3:1). 

6. Solvolysis with sulfuric acid in ethyl acetate (26). Isola- 
tion of 16a-0H-D by two Bush systems and detection by the MCS test as 
described above* 



RESULTS 

Our results for dehydroepiandrosterone sulfate (DS) are suiaaarlsed 
in table II. In the cord plasma of anencephalic fetuses no 0S could be 
detected. The different limits of detection are due to differences in 
plasma volume. If DS is present, it's concentration is below the range 
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DEHYDROEPIANDROSTERONE SULFATE (DS) IN PLASMA 07 ANTECUBITAL MATERNAL 
VENOUS BLOOD AND CORD BLOOD IN PREGNANCIES WITH ANENCEPHALIC FETUSES. 
COMPARISON WITH NORMAL FETUSES AND MOTHERS. 



PATIENTS 


M8 % ' 
MIXED CORD BLOOD 


PLASMA* 

MATERNAL ANTECUBITAL 
VENOUS BLOOD 


I 
II 
III 
IV 

V 


< 10 

< 10 

< 20 

< 25 

< 15** < 10*** 


104 
51 
117 
122 
70 


nortoal fetuses 
cord vein 
n = 20 


M = 130 
range = 38-252 
s = ± 59 




normal fetuses 
cord artery 
n = 20 


M = 162 
range = 82-306 
s = i 62 




normal tisothers 
peripheral vein 
n = 20 




M = 100 
range - 35-257 
s = i 52 



*corrected for losses **cord arterial blood **^-cord venous blood 

observed in cord venous and arterial blood of normal fetuses (15). On 
the other hand, all values in the Tfuiternal antecubital venous blood 
(ytts = 93i31 iag%) were within the range of nortnal pregnant women at de- 
livery. Only one value was in the low normal range, 

16a-hydroxydehydroepiandrosterone sulfate (16a-0H-DS) was not de- 
tected in any of the maternal samples, as indicated in table III. Nei- 
ther was it detected in the four anencephalic fetuses studied, however 
it was measurable in all pools of cord arterial and venous blood of nor- 
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TABU III 

16a-HYDR0XyDEHYDR0EPIANDR0STER0NE SULFATE (16a-0H-DS) IN CORD PLASMA 
OF ANENCEPHALIC FETUSES AND IN PERIPHERAL PLASMA OF THEIR MOTHERS. 
CC»IPARISON WITH NORMAL FETUSES AND ^RMAL MOTHERS, 



PATIENTS 


% 

MIXED CORD BLOOD 


PLASMA* 

MATERNAL ANTECUBITAL 
VENOUS BLOOD 


I 
II 
III 
IV 

V 


< 10 

< 9 

< 36 

< 18** < 20*** 


< 10 

< 9 

< 30 

< 20 


normal fetuses 
cord vein 
6 pools from 
16 samples 


M » 87 
range = 31-148 




normal fetuses 
cord artery 
6 pools from 
16 samples 


M = 110 
range = 35-250 




normal mothers 
peripheral vein 
6 pools from 
16 samples 




< 10 



*vincorrected for losses **cord artery ***cord vein 

mal fetuses. On the average, we found 87 fig% of 16a-0H-DS in cord venoxis 
blood and 110 |jg7o in cord arterial blood. Although the mean values show 
an arteriovenous difference similar to that found for DS (15) no state- 
ment can be made about individual differences since 16a-0H-DS measurements 
were performed on pools of plasma. The values were not corrected for 
losses. The real values are probably three times higher (see methods). 
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TABLE IV 

"FREE" 16a-HYDR0XYDEHYDR0EPIANDR0STER01?E (16a -OH -D) IN POOLS OF 
CORD PLASMA OF ANENCBPHALIC FETUSES AND IN POOLS OF 
PERIPHERAL PLASMA OF THEIR MOTHERS. 
COMPARISON WITH JK)RmL MOTHERS AND THEIR FETUSES, 



PATIENTS 


PLASMA OF CC 
Vol. in ml 


IRD POOLS 

Uig 7.* 


PLASMA OF MATE 
Vol. in ml 


RNAL POOLS 
U8 %* 


No. I-V 


53 


< 4 


46 


< 10 


12 normal 

fetuses 
cord vein 


56 


17 






12 normal 
fetuses 
cord artery 


47 


24 






12 normal 
niDthers 
peripheral vein 






57 


< 8 



^corrected for losses 



As shown in table IV, "free" 16a-hydroxydehydroepiandrosterone 
(16a-0H-D) was not found in a pool of plasma obtained from normal mothers 
at delivery nor in the pooled plasma of the five mothers bearing anen- 
cephalic fetuses. No 16a -OH -D vas detected in the plasma of these 
fetuses* If this plasma contained 16a -OH -D it was less than 4 Jig%. On 
the other hand, the pools of cord venous and arterial blood of normal 
fetuses contained 17 \x%% and 24.5 ^g% 16a -OH -D respectively, These 
values are corrected for losses. Again, although there seems to be an 
arteriovenous difference, no statement can be made about the differences 
in individual pairs since analyses were made on plasma pools. 
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DISCUSSION 

To our observations on dehydroepiandroeterone sulfate (DS) in the 
cord plasma of two anencephalic fetuses reported in 196A (15), we are 
adding three additional cases • Since all analyses were performed with 

as internal standard we can be definite that very little, if 
any DS is circulating in the fetal blood of anencephalics . Thus, the 
findings on conjugated D by Nichols et al. (14) and total D by Colas and 
Heinrichs (6) can be now interpreted as being due to a large decrease in 
DS. 

It is more difficult to explain the high values of total 17-keto- 
steroids in the cord plasma of anencephalic fetuses with marked hypo- 
plasia of the adrenal fetal zone as observed by DiGecrge et al. (12, 13). I 
We did not detect any 17 -ketosteroid sulfates in the cord blood of our f 
anencephalic fetuses. The analyses of Nichols et al. (14) provided | 
no evidence for such conjugates and f urthertnore , these authors did not S 

i 

detect any 17-ketosteroids in the glucuronoside fraction. However, they I 
did present evidence for a A^-3-ketosteroid. In addition, androsterone i| 
and progesterone were tentatively identified as free steroids, the form- I 
er in small amounts, the latter in larger concentrations. Since 3- and .J| 
20-keCosteroids can cause falsely high values for 17-ketosteroids as | 
measured by the Zimmermann reaction (36), the high values reported by 
DiGeorge et al. (12, 13) might have been at least partly due to such 
steroids, presumably progesterone (14) and its metabolites. This view 
is further supported by the finding of a normal excretion of pregnandiol 
in pregnant, women with anencephalic fetuses (2, 3, 5, 6, 8, 35) and the 
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detection of various C2i*steroids and sterold-c njogates after injec- 
tion of iaotopic progester ne into an anencephalic fetod (37) • 
hydroKysteroids, e,g. 17a-hydroxypregnenolone , have also been reported 
in anencephaly, although their levels in cord plasaa ^re reduced (16). 
Thus far, ho«rever, none of the G2i-steroids mentioned has been suffi- 
ciently identified in the blood of anence^^lic fetuses* Finally, non- 
specific chrooogens could have contributed to the high "17-ketosteroid" 
values in these cases (33). 

A narked reduction of circulating total 16a-hydroxydehydroepian- 
drosterone (16a-OH-D) in anencephalic fetuses has been reported by 
Colas and Heinrichs (6) • Ve conf irssed dieir results and were able to 
show that the reduction is due to a decrease in unconjugated 16a-0H-D 
and its sulfate. We feel that we obtained good evidence that this sul- 
fate is a sionosulf ate . Ihe failure of precipitation with digitonin could 
indicate that 16a -OH -D is sulfo -conjugated in position 33. A full 
identification, however, is still needed. 

As to the levels of 16a-0H-D and conjugated 16a-0H-D in norioal 
cord plasma reported by others (24, 25, 35) and by the authors the fol- 
lowing can be pointed out: As to the amounts of tentatively identified 
16a-0H*D there is good agreeaaent between our findings and those of 
Magendantz and Ryan (25), Our values for 16a-0H-DS are lower than their 
post so Ivo lysis values. The procedures differ and therefore probably 
have different accuracies. No corrections for losses were made in 
either study. Furthermore, our values were calculated as 16a-0H-DS, 
whereas Hagendantr and Ryan e:cpressed their values in tertas of the free 
steroid. In three instances we deteirmined the recovery of 7a-%-16a-OH- 
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DS and found it to be about 30% in our procedure. This would suggest 
that the true mean value for cord arterial plasma is about 360 |ig%. The 
value for total 16a"0H-D in cord arterial plasma reported by Colas et 
al. (35) would be even higher if corrections were introduced for the 
color difference between 16a -OH -D and D employed as reference standard, 
and furthermore for the difference between 16a -OH -D and 16a-0H-DS, and 
finally for losses. It is not surprising that such a value vould be 
even higher than our calculated one if one considers that Colas et al. 
(35) Toeasured conjugated and unconjugated 16a-0H-D together and that 3?, 
17P-dihydroxyandrost-5-en-16-one was as a minor contaminant in their 
16a -OH -D fraction (6), In any case, such calculations and comparisons 
furthermore indicate that the monosulfate, prestimably the 33-sulfate, is 
the major form in which 16a -OH -D circulates in the fetus. 

Although the figures presented in this paper seem to indicate that 
DS is the major Cj^g -steroid sulfate in cord plasma, i6a-OH-DS, when cor- 
rected for losses, is certainly the C^^-steroid sulfate with the highest 
concentration. The data of Colas et al . (35) regarding total D and 
total 16a -OH -D are a reflection of this finding. The very low levels 
for esterified 16a-C^-D reported by Eberlein (16) are, according to the 
author, probably due to losses in the procedure used in that study. 

Surprising is the broad normal range of total or conjugated 16a-0H- 
B as observed by Colas et al. (35), Magendantz and Kyan (25) and the 
authors. We previously discussed a fluctuation of the fetal blood flow 
and the adrenal function as possible causes (15) for the similarly 
large normal range for DS. Two observations are in favor of the latter 
cause: the occasional occurrence of degenerative changes of the fetal 
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adrenal zone already before birth (39) , and the tr emend eous variation 
of the ACTH concentration in cord plasma to be discussed later. 

In anencephaltc fetuses DS, 16-OH-DS and 16a-0H-D in cord blood 
were so markedly reduced that they could not be measured by the methods 
used in this study • All fetuses in our series died after a few minutes, 
one expired shortly before delivery. It might be pointed out that in all 
cases (except the one death) there was no sign of fetal distress during 
labor up to the moment of delivery. If we assume that the half life of 
DS in fetuses is similar to that in adults, e.g. in the order of sever- 
al hotirs, it is difficult to accept that the sudden death at delivery 
or shortly thereafter could have significantly changed the concentra- 
tions of 16a-0H-DS and DS. In addition it might be mentioned that 
Colas and Heinrichs (6) also found extremely low values for total D and 
16a -OH -D in an anencephalic baby who expired four hours after birth. 
Although Impending death cannot be ruled out as a factor involved in the 
lowering of circulating steroids in the anencephalic fetus we share the 
hypothesis that the marked hypoplasia of the fetal adrenal cortex is the 
major if not the only cause of the reduction in circulating C-j^^-steroids . 
Nichols et al, (14) were the first ones to express this view. The fail- 
vre of the hypoplastic adrenal of anencephalics to form cholesterol (10) 
or steroids (11) from acetate supports this view as do the studies of 
the 3P-hydroxysteroxd dehydrogenase and steroid 3P-sulfatase in the 
tissues of two anencephalic fetuses by Goldman et al, (40). These 
studies suggest that the decreased values of DS could not be due to an 
unusually high rate of removal of circulating DS by tissue metabolism 
(40). However, one must consider the role of the placenta of anenceph- 



Material may be protected by copyright law (Title 17, U.S. Code) 



8:2 

ariation 
r , 

d blood 
:he methods 
:ew minutes, 

that in all 
:ess during 
ilf life o£ 
: of sever - 

delivery 
^ncentra- 
d that' 
total D and 
r birth, 
olved in the 
e share the 
ortex is the 
C^g-3teroids. 

The fail- 
.esterol (10) 
studies of 
; in the 
These 
; due to an 
netabolism 
jf anenceph- 



Aug. 1966 



STEROIDS 



171 




alic fetuses with an apparently higher sulfatase activity (41). 

Whether or not the normal fetal adrenal cortex secretes D, 16a- 
OH-D, DS, arid 16a-0H-DS is not establlBhed. Formation of D from ace- 
tate with whole adrenals (42, 43) and fetal zones (11) as well as for- 
mation of DS from pregnenolone (3p-hydroxy-pregn-5-en-20-one) (44) has 
been shown In vitro* Althongh 16a -hydroxy lation occxirred with other 
steroids in such experiments (43, 45, 46) 16a-0H-D and 16a-0H-DS have 
not been detected. Adrenal secretion of none of these steroids has been 
demonstrated, for obvious reasons. On the other hand, it has been 
shown that the fetal liver is capable of 16a-hydroxylation of D in the 
rat (47 , 48) and in the human (49) . In particular , liver microsomes of 
anencephalic infants were very active in 16a -hydroxy lating D (48). The 
marked reduction of estriol with an increase of estrone and estradiol- 
17g in the urine of a pregnant woman bearing a fetus with liver cirrho- 
sis indirectly supports the concept that the human liver is, also in 
vivo, at least participating in 16a -hydroxy lation. In addition, the 
very rapid sulfoconjugation of estriol (50) and of progesterone (37) 
injected into anencephalic fetuses suggests that organs other than the 
adrenals, most likely the liver, sul foe on jugate steroids. Although 
there is no doubt concerning extra-adrenal 16a -hydroxy lation and sul- 
foconjugation of 2) in the human fetus, the extent of these reactions 
cannot be assessed at the present tixee. 

The etiology of anencephaly is unknown (52, 53). The findings to 
date suggest a complex influence of genetic and exogenous factors <53) . 
As early as 1912, Meyer proposed that the partial or complete lack of 
the fetal zone of the adrenal cortex was caused by the anencephaly (54). 
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He also stated that the mechanism of this relationship was unknown, 
Browne (55), in 1920, related the adrenal hypoplasia to the apituitarisir 
of these infants. Others, however, found an anterior lobe of the pit- 
uitary, more or less intact, but no posterior lobe (56, 57) was present • 
Angevine (57) in 1938, considered the adrenal hypoplasia to be due to 
the impaired development of the pituitary, ^'induced by changes in the 
tissues at the site of the base of the brain'\ 

Since the exact mechanism by which the normal adrenal becomes hy- 
pertrophic is not fully understood (16, 58), the mechanism by which the 
fetal zone is reduced in anencephalic fetuses is also not known. As 
early as 1931 the development of the fetal zone was considered to be a 
specific reaction of the fetus to pregnancy (59, 60). More specifically 
Rotter, in 1949, claimed that HCG is the fetal adrenal stimulus (61). 
Fetal pituitary LH has also been thought to be the stimulating hormone 
of the fetal adrenal (62). In 1955, Jones reemphasized the hypothesis 
that KCG is the adrenal stimulus (63), and Lauritzen and Lehmann (58) 
recently presented new experimental evidence in support of this hypothe- 
sis. They observed an increase of conjugated D in urine of newborn 
babies in response to HCG. However, this might be explained by an in- 
crease in gonadal function. 

In any case, increasing evidence points to fetal ACTH as the sti- 
mulus for the fetal adrenal gland. In rats, this is well established 
by Jost (64). In the human, thus far, evidence is more circumstantial. 
In the experiments of Lanman HCG had no influence upon the hypoplastic 
adrenal cortex of anencephalic fetuses who survived for a few days, 
whereas the use of long acting ACTH resulted in the development of nor- 
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inal sized adrenals in one case (65), In more recent similar studies, 
Lanman, in five cases achieved adrenals consistent in size and morph- 
ology ijith normal newborn glands (66). Steroid studies in one anence- 
phalic fetus treated from the third to the fifth day with ACTfl did not 
reveal any response (67), but the time of treatment might have been too 
short . 

The lack of ACTH in cord plasma of the anencephalic fetuses, which 
we observed in one case (68), would provide further evidence for the 
role of ACTH if the normal range of ACTH in cord blood were known. This 
range is very large. With the bioassays used however, the lower normal 
range could not be determined (68, 69). Therefore it cannot be decided 
whether or not anencephalic fetuses have reduced ACTH levels in blood. 
Interestingly, considerable amounts of ACTH could be detected in three 
pituitaries of anencephalics studied thus far (68, 70). Whether the 
concentrations found are normal or not cannot be said, since data on 
ACTH concentrations in pituitaries of normal fetuses (68, 71, 72, 73) 
is insufficient. In any case, ACTH is produced by these pituitaries, 
but apparently not released, most likely due to a lack of ACTH releasing 
factor (CK?) , as postulated by Schwers (70) . 

Additional evidence for fetal pituitary ACTH as the stimulating 
hormone for the fetal adrenal gland steins from observations obtained 
after administration of corticoids to pregnant women before and during 
delivery. This leads to a decrease of C-j^^-steroid sulfates in cord 
plasma, presumably via suppression of ACTH release by the fetal pitui- 
ary. We will report these observations on six cases in a subsequent 
paper (74) . 
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l^ius, available data favors ACTH, and not HCG as the fetal adrenal 
cortex stimulating hormone at term, and its lack in anencephalic fetuses. 

Finally, the decreased excretion of estrogens in the urine of 
mothers bearing anencephalic fetuses (1, 2. 3, 4, 5, 6) can now be ex- 
plained by a large decrease of at least three fetal precursors of pla- 
cental estrogens: DS, 16a-0H-DS and 16a-0H-D. The experimental evidence 
for the role of these steroids as precursors of estrogens has been re- 
viewed recently by several authors (9, 15, 67, 75). 

Another laechanism, involving the impairment of the placenta of 
anencephalic fetuses should be considered. According to ten Berge the 
epithelium of the placental villi is severely damaged, and the stroma 
is also abnormal (76), Ten Berge claims that these tissue alterations 
decrease the capillary action of the villous vessels, thus reducing the 
hormone transport from placenta to mother. This results in a decreased 
excretion of estrogens, especially estriol (76). 

MacDonaid and Siiteri (9) have demonstrated that the bulk of estro- 
gens excreted by laothers with anencephalic fetuses is derived from mater- 
nal DS. A comparison with production and conversion rates in non-preg- 
nant women indicates that the placenta must be involved in this biotrans- 
formation (77). Thus, an impairment of the blood circulation in the 
intervillous space is unlikely. The normal urinary excretion of preg- 
nanediol by pregnant women with an anencephalic fetus (2, 3, 5, 6, 35) 
further contradicts the hypothesis of ten Berge. 

Although it cannot be ruled out at present that a combination of 
factors might be responsible, the decrease of fetal adrenal precursors 
alone seems sufficient to cause the known drop in the maternal urinary 
estrogens. 
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Measurements of conjugated D (12) and total D (23), without internal 
control, in normal materiial antecubital blood have lead to controver- 
sial results. Our measurements of DS utilizing 4-^^C-I)S as internal 
standard revealed, in all cases, values within the range observed in 
normal pregnant women at delivery, with one low normal. This is in 
close agreement with the results of Colas et al, (23), Vrtiether the 
failure to detect conjugated D in one case and the very low "probably 
not significant" value in another reported by Nichols et al. (12) are 
due to methodology or indicate exceptional cases cannot be decided. The 
normal maternal values of DS in our series are in agreement with the 
normal production rates of DS found in four pregnant women with anence- 
phalic fetuses (7). 

In regard to 16a-0H-D and its sulfate in maternal blood it should 
be emphasized that neither has been sufficiently identified. The values 
reported for normal pregnant women are very low (22) and in several 
instances (23) total 16a -OH -D was so low that it is questionable whether 
Che values were different from zero. It seems that there is no differ- 
ence between mothers with normal and anencephalic fetuses (4) , In all 
instances o\ir method was not sensitive enough to detect any maternal 
16a -OH -D or 16a.-0H-DS. 

More wor)c with refined methods is needed, but Browne* s prophecy 
from 1920 has now been at least partly fulfilled: "Enou^ has, however, 
been said to show that a Gordion Knot is the problem of the interrelation- 
ship of the ductless glands, and that in the hitherto despised anence- 
phalic monster there is available material by means of which much need- 
ed light may be shed upon many disputed questions in physiology, and 
pathology, and perhaps some of them even solved" (55), 
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IDENTIFICATION AND MEASUREMENT 
OF SULPHATE-CONJUGATED NEUTRAL STEROIDS 
IN THE INTESTINAL CONTENTS OF EARLY 
AND MID-TERM FOETUSES 

I. HUHTAjSnEm A3Ti> R. VIHKO 
Sleroid Besearck Laboratory^ Department of Medical Chemistry, 
University of Helsinki, SF -00170 Helsinki 17, Finland 

(Eeceived 23 AiigTist 1972) 

suivnvTARY 

Sulphate- conjugated neutral steroids in the intestinal contents of early and 
mid-term hximan foetuses (14-20 weeks of gestation) were investigated by 
gas-liquid ehromatography and gas chromatography-raass spectrometr3\ 
Twenty-four neutral steroids were fotmd in the monosulphate fractioii and 
21 in the disulphate fraction. The total concentration of these steroids 
varied between 9*6 and 15-3mg/100g meconium wet weight, about half 
being monosulphates and half disulphatea. Steroids with a 3y5-hydroxy-5- 
ene structure were found and also saturated steroids which carried hj^droxyl 
groups at carbons 3, 11, lo, 16, 17, 18, 19, 20 or 21. Among them were 
steroids not previously detected in human foetal compartments. Thus, the 
foetal meconiuin is both qualitatively and quantitatively the richest foetal 
source of neutral steroid sulphates so far investigated. 

The present results together with those reported in the literature show 
that in the course of pregnancy there is a many -fold increase in the steroid 
concentration of the foetal intestinal contents. This is most obvious in the 
case of saturated C^g steroids and polar pregnane derivatives. Reduction of 
the 20 -ones to 20;^-ois seems to be more extensive towards the end of 
pregnancy. 5,16-Pregnadienc3 and 3y^-hydroxy-5;^-pregniines are present in 
higher concentrations in early pregnancy. 



INTBODTJCTION 

The meconium of a newborn is knouTi to be a rich source of steroid hormones. 
Unconiugatcd oestriol (ICinsella, iVancis, Thayer & Doisy, 1950) and its glucuronide 
(Menini & Diczfalusy, 1960) and sulphate (Menini & Diczfalusj^ 1961) conjugates 
were the first to be detected. The first neutral steroids identified in this source were 
dehydroepiandrosterone (Francis, Shen & Kinsclla, 1960), 3a-hydroxy-5/f'-pregn-16- 
en-20-one (Francis, Shen & Kinsella, 1962), 5^-pregnane-3a,20a-diol (Francis & 
Kinsella, 1966) and 5a-pregnane-3a,20a-diol (Francis & Kinsella, 1967). Quite 
recently, analyses by gas chromatography and gas chromatography-mass spectro- 
metry have clearly shown the complexity of the steroid pattern in the meconium 
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(Shaokleton, Gustafsson & SjovaD, 1970; Gustafsson & Stenberg, 1971; Kinsella & 
Francis, 1971). 

The steroid pattern of the intestinal contents of early and mid-term foetuses is 
not known. Its analysis was felt to be of interest for the exploration of changes in 
steroid raetabohsm in the coiirse of pregnancy . Further, such an analysis was expected 
to give additional information on foetal steroid metabohsm and particularly on the 
role played by the liver. Therefore, in the present study neutral steroid mono- and 
disulphates in the intestinal contents of human foetuses of early and mid-gestation 
were identified and measured. 

MATERIALS AUTD MJfiTHODS 

Solvents were of reagent grade and were distiUed twice through a 1 m fractionation 
column before use. 

Reference steroids. Unless otherwise mdicated, the reference steroids were pur- 
chased from Ikapharm, Ramat-Gan, Israel. 16yff-Hydroxydehydroepiandrosterone, 
3^, 16a-dihydroxy-5^-pregnan-20-one, 16a-hydroxypregnenolone, 3a,21-di])ydroxy- 
5^-pregnan-20-one, tctrahydrocorticosterone and allotetrahydrocorticoaterone were 
obtained from the M.R.C. Steroid Reference Collection, Yondon, England. 18- 
Hydroxyandrosterone was kindly supplied by Dr D. K. Fukushima, New York, 
U.S.A., and 3^-hy(iroxy-5,16-pregnadien-20-one by Dr J. Sjovall,' Stockhohn[ 
Sweden. 

Thin-layer chroTruiiogra/phy (t.l.c.) was carried out on precoated abrasion -resistant 
silica gel F25, layers (Merck AG, Darmstadt, Germany) in the solvent system 
chloroform :ethanol (9:1, v/v, two developments) or cyclohexane: ethyl acetate 
(1:1, v/v, five developments) (Lisboa, 1069). 

Digitonin separation was performed essentially as described by Butt Henlv & 
Morris (1948). 

Steroid derivatives. The steroids were analysed as their trimethylsilyl (TMS) • 
ether derivatives (Luuklcainen, VandenHeuvelf Haahti & Horning, .1961). In some 
identification problems, O-methyl oxime trimethylsilyl (MO-TMS) ether (Fales & 
Luukkainen, 1965) and 6)-isopropylidene (acetonide) trimethylsilyl (Ac-TMS) ether 
(Adleroreutz, Laiho & Luukkainen, 1967) derivatives were used. 

Trivial and systeviatic names. 18-Hydroxyandrosterone, 3a,18-dihydroxy-5a- 
androstan-1 7-one ; 1 ea-hydroxj^dehydroepiandrosterone, 3^ 1 6a-dihydroxy-o-andro- 
sten- 17-one ; 1 6y?-hydjoxydehydroepiandrosterone, 3^, 1 6/?-diliydroxy-5-andro- 
sten-17-one; 1 Boc-hydroxypregnenolone, 3>5,16a-dihydroxy-5-pregnen-20-one; 17a- 
hydroxypregnenolone, 3^,17a-dihydroxy-5-pregnen-20-one ; 21-hydroxypregneno- 
lone, 3j^,21-dihydroxy-o-pregnen-20-one; totrahydrocoiticosterone, 3a,lJ/?,21-tri- 
hydroxy-5y5-pregnan-20-one ; allotetrahydrocorticosterone, 3a,l l/?,21-trihydroxy- 
5a-pregnan-20-one ; stigmasterol, (245)-24-ethylcholesta-5,22-dien-3>^-ol. 

Material for analyses. Human early and mid-term foetuses (14-20 weeks of gesta- 
tion) were obtained at interruption of pregnancy for socio-medical reasons. The 
foetus was delivered by abdominal hysterotomy. The whole intestinal tract was 
excised and the contents were pressed out from the intestines, weighed and dropped 
into acetone : ethanol (1:1, v/v). 
Procedure. The sample was homogenized in 50 ml acetone: ethanol (1 : 1, v/v) with 
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an Ultra-Turrax homogenizer (Janke & Kunkel KG, Staufen i. Br., Germany). The 
homogenate was incubated overnight at 39 **C and then filtered through a sintered- 
glass funnel. The precipitate was resuspended in about 30 ml acetone : cthanol and 
incubated for a fiu-ther 2 h at 39 ""C. After filtration, the combined filtrates were 
evaporated in vacuo at 39 °C. The dry residue was dissolved in 20 ml 70% aqueous 
methanol and left at — 20°C for 48 h. After centrifugation the supernatant was 
evaporated in vacuo. Chromatography on a 20-g Sephadex LH-20 column was per- 
formed as described earlier (Laatikainen & Vihko, 1969 a), and fractions were sepa- 
rated containing, respectively, unconjugated steroids, steroid glucoaiduronates, 
steroid monosulphates and disiilphates. The last two fractions were processed further. 
The sulphates were solvolysed in ethyl acetate acidified with sulphuric acid. Further 
fractionation according to polarity was carried out on a 3-g sihoio acid column (see 
Laatikainen & Vihko, 19G96). The final purification was performed on a 200-mg 
silicic acid column (Vihko, 1966). 

For quantitative analysis, a known amount of an internal standard (10-20/«g 
stigmasterol) was added to the fractions before the formation of TMS derivatives. 
The measurements were made as described by Vihko (1966). 

For gas~Uqmd chromatography (g.l.c.) 3 % Qr-1 and 2-2 % se-30 columns and flame 
ionization detectors were used, as previously described (Sjovall & Vihko, 1966; 
Vihko, 1966). The retention times are given relative to that of 5a-cholestane (relative 
retention time, RE.T). 

For gas chromatography-mass spectrcrmetry (GC-MS) an LKB 9000 instrument 
(LKB-Produkter AB, Stockholm-Bromma, Sweden) was used with qp-I and se-SO 
columns (Sjovall & Vihko, 1966; Vihko, 1966). The energy of the bombarding electrons 
was 70 eV and the ionizing current 60 /iA. 

A compoiind was considered to be identified when, on both liquid phases, tlie 
retention times and mass spectra of its TMS derivative were the same as those of the 
authentic compound. When needed for unequivocal characterization, other deriva- 
tives (MO-TMS or.Ac-TMS) v/cre prepared and analysed. t.Lc. or digitonin separations 
were used when sufficient separation was not obtained on g.Lo. alone. 

RESULTS 

Table 1 lists the neutral steroid mono- and disulphates identified in the analyses, 
and gives their KRT values and those of appropriate reference compounds. The limit 
of detection of a steroid in the fi-actions investigated was about 0*1 /^g, which cor- 
responds to a concentration of o-lO //g steroid/lOO g meconium (wet weight). Mto- 
gether 24 neutral steroids were detected in the fraction of monosulphates and 21 in 
the fraction of disulpliates. Tlie g.l.c. analyses of the four silicic acid fractions con- 
taining the monosulphate-conjugated neutral steroids are presented in Fig. 1. 

In the following, a description is given of the identification of the sulphate- 
conjugated neutral steroids in the intestinal contents of early and mid-term foetuses. 

Compou7vd 1, The RRT*s and mass spectra of the TMS derivative of this compound 
were identical with those of dehydroepiandrosterone TMS ether (Vihko, 1966). 

Gompoimds 2 and 3. The TMS derivatives of compounds 2 and 3 gave a mass 
spectrum of a 5-androstene-3,17-diol di-TMS ether (Vihko, 1966). According to the 
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RRT values (Table 1). compound 2 was identified as 5-androstene-3A,17<x-diol and 
compound 3 as S-androstene-SAn/^-diol. Both the monosulphate and the disulph^ 
fraction contained these two componnds. cusuipnate 

Cam'pou^i 5 and 6 gave mass spectra showing them to be dihydroxymono-oxo 
C,, steroids. The mass spectra of the TMS ethers of compounds iind /were v^y 

TMe l Belative retention Hrrm ^RRT) of the tMyUilyl derivatives of the steroids 
Mfi.i ^n thefrac um. of vu»u,sulphales and disulphates of the intestiJal ZZZ t 
human early and mid-term foetuses <^vrueni8 o] 

(Cholestane = 1-00. ChoJestone rotention timo: qf-I = 11-12 mia sb 30 - 27 90 • x- 
conditions of gas-liquid ohroLtography ^Kg t) ~ 
MonosuJphates 



Compound 
no. 



Identification 



Disiilphatea 



Dehydroepiandrosterono 

5- Androstone - 3/9, 1 7a-diol 

6- Androstenft-3;5, \ 7/ff-diol 
1 fiat-Hydroxydehydroepiandrosterone 
1 6/'*-H:ydroxydobydrocpiandrosteroiie 
3/?, 1 7;?-Dihydroxy.5-androsten-l 6-one 
1 8 -Hydroxyandroste rone 
o-Andro3tene-3/?, 1 6a, 1 7yff-triol 
5- Andro.stene-3/^, 1 6jff, 1 7a- triol 
:U-Hytlfoxy-5;ff.pregnan-20-one 
Pregnenolone 

3^-Hydroxy-/;,16-prfigQtidien.20-one 
3^,I5^:aihydroxy.5,i6-pregnadien-20-onet 
5a-rregnan6-3a,20a-diol 
oa-Pregnune-3^,20a-diol 
5^-Prognan9-3a,20a-dioi 
5-Pregneno-3/?,20a-diol 

3^,16a-I>ihydroxy-5^-fjregnan-20-ono 
Itia-Hydroxyiiregiienolono 
17a-Hydroxypregnenolone 
3a,21-Dihydroxy-5/^-pregnan-20-one 
2 i -Hydroxyprogrteiiolone 

3A2M)iiiydroxy.6,16-pregnadien-20-onot 
6a -Pregnane- 3a, 2 0a,2 1 -tri ol 
5//-Pregnane-3a,20a,2 1 -trioj 
5-Pregnene-3/?,20a, 2 1 - triol 
35,ir>s,16^Trihydroxy-5^pregTiaii-20-onet 
3^,16^, i 9-Trihydroxy-5£-pregnan-20-onet 
3^,tly?,21-'lVihytlroxy-5^-pregnan-20-one 

Mixture of compounds. 
■\ Teatativo identification. 

% Values calcvilatod from the RRT values of tho nni.«.c^«^^ ■ k 

^ Kcfcrence steroid nut available. j'>.u"»j' ap pregnan.JO-ono. 

similar and typical of the TMS ether derivatives of 3,16-dihvdroxv 5 « r.drr..t , 
ones (ShacMeton. KeUy. Adhilcary. Brooks, Harloie., tCl'm:^^^XZ' 

iZx n H °' '''''' ^T'- * Luuldcainen:i969). The S vaki 

(Table .1) show compound 4 to be 16a-hydroxydehydroepiandi-osterone and ol^n 
pound o to be 16,?-hy^oxydehydroepiandrosteroL. tL mal spcct^^^^^^^^^^ 
b was Identical with that of the TMS ether derivative of SAlviS-dihydro^y "anTo 
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sten-16-one (Shackleton et al. 1968a; Janne & Vihko, 1969; Siegel et al. 1969) and 
the RRT values obtained in g.l.c. confirm this identification. Each of these three 
steroids was present as mono- and as disniphate. 

Comjpownd 7. This steroid was identified as IS-hydroxyandrosterone by the KUT 
values and mass spectra of its TMS derivative (Laatikainen & Vihko, 1969a). It was 
detected only as the disulphate and it was the only G^p steroid found with a saturated 
steroid nucleus. 
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I'ig. 1. Gaa chromatographic analysis of tho trimothykilyl ethers of neutral steroids derived 
from tho monos alpha to fraction of foetal intestinal contents. The silioio acid fractions (II-V) 
are numbered in order of increasing polarity. Columns: 3% Ql'-l, 2 m x3-o mm; 2-2% 3£>30, 
2 m X 3 -.5 mm. For the idenciGcation of the compounds see Table 1 and the text. S = sfcigmasterol 
(internal standard). 

Compotmds S and 9 gave mass spectra charact eristic of TMS derivatives of n- 
androstene-3,16,17-tnols (Laatikainen, 1970a; Jamie, 1971). The four possible isomers 
of 5-andTOstene-3/?,16,17-triol are separated from each other on QF-1 and SE-30 
columns (Shackleton et aL 1970; J amie, 1971). According to the ItliT values, com- 
pound 8 was identified as 6-androstene-3/?,16a,i7/ff-triol and compound 9 as 5- 
androstene-3;^,16^,17a-triol. Compound 8 was detected as both monosulphate and 
disulphate but compound 9 as the disulphate only. 

Compound 10 as its TMS ether derivative gave a mass spectmm and BRT values 
identical with those of the corresponding derivative of Soc -hydroxy- 5y5-pregnan- 20- 
one {Eriksson, Gustafsson & Sjovall, 1968; Laatikainen & Vihko, 1969ft). 

Compound II. This steroid was identified as pregnenolone according to the E,KT 
values (Table 1) and typical mass spectrum of its TMS ether derivative (Sjovail & 
Vihko, 1968). 

Convpound 12. The mass spectra and RRT values of the TMS ether derivative of 
this compound showed it to be 3^-hydroxy-o,lfi-pregnadien-20-one (Gustafsson, 
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Shackleton & Sjovall, 1969). The possibility of artificial formation of this steroid 
froiQ I6a-hydroxypregneiiolone during the solvolysis of its sulphate (Bhavnani & 
SolorQon, 1969) was excluded by treatment of 1 8a-hydroxypregnenolone and its 
disulphate with the solvolytic medium (see Materials and Methods). No formation of 
3^-hydroxy-6,16-pregnadien-20-one was detected. 

Co7}ipound 13. The mass spectrum of this compound (Fig. 2) has a molecxilar ion 
at m/e 474, which suggests the structure of a TMS deriyative of a 0^1 steroid with 
two hydroxyl groups, one oxo group and two double bonds. The peak at ra/e 129 
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■ Pig. 2. Mass spectra of the trirnethylsilyl (mS) others of compound 13 {3/?,15^-dihydroxy-5 16- 
pregnadien.20-one, tentative identification), compound 16 {3;^,!Ga.dihydroxy-ovff-prosmarL-20- 
oae) und compound 23 f3A.2i-dihydrosy-5.16-prcgnadi6n-20-une. tentative identification). 

(base peak) in a TMS derivative of a C^i steroid is typical of a 3-0-TMS-5-ene 
structure (Eneroth, HeDstrom & Hyhage, 1964; Vihko, 1966). The fragment ion 
43i (M-43) reflects the cleavage of the side chain at G-17 (Peterson, 1962^! The ion 
at m/e 171 suggests cleavage of the D-ring with a-COCHg side chain, one double bond 
and a TMS group at C-15 or C-16 (Gustafsson & Sjovall, 1 968 ; Janne & Vihko, lOTOa) 
The ion at m/e 405 (M-69) is possibly formed by the cleavage of the bonds between 
C-15-C-16 and C-17-C-13 and shows that the TMS group in the B-ring is not at 
C-i8 but at C-15 (Janne & Vihko, 1970a). A corresponding fragmentation ia a steroid 
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with a satxirated D-ring results in the elimination of 71 mass units (Janne & Vihko, 
1970a). In the present case, the size of the fragment (69 mass units) indicates a 
double bond between C-16 and C-17. The presence of the TMS group at C-15 and the 
double bond between C-16 and C-17 is further supported by the observation that the 
mass spectrum of the MO-TMS derivative of compound 13 also displays . an ion at 
m/e 405 {M-98). Thus, mass speetrometric analysis very strongly suggests that com- 
pound 13 is 3;ff,lo^-dihydroxy-5,16-pregnadien-20-one. This compound was present 
only in the monosulphate fraction. 

Compcninds 14y 15 and 16, These three compounds gave mass spectra with firag- 
mentation patterns typical of pregnanediol TMS ether derivatives (AdJercreutz, 
Luukkainen S& Taylor, 1966; Laatikainen, Peltokallio & Vihko, 1968). Of the eight 
possible 5a/;ff-pregnane-3,20-diols, 5a-pregnane-3a,20a-diol and 5;5-pregnane-3;^,20a- 
diol are not separated on the liquid phases used (Laatikainen etalA 968). Compound 14 
gave RRT values identical with those of these two compounds (Table 1). Compound 
14 was not precipitated by digitonin, which indicates the absence of a 3yff-hydroxyl 
group. Thus, compound 14 was identified as 5a-pi-egnaiie-3a,20a-diol. Erom the 
RRT values (Table 1) compound 15 was identified as 5a-pregnane-3;^,20a-diol and 
compound 16 as 5y^-pregnane-3a,20a-diol. 5a-Pregnane-3a,20a-diol was found in the 
disulphato fraction only, whereas the other two pregnanediols were present as mono- 
and disulphates. 

Compotmd 17 was identified as 5-pregnene-3^,20a-diol by g.l.c. and GC-MS 
analyses (Vihko, 1 966), and both tlie mono- and disuJphated conjugates were present. 

Compound 18. The g.l.c. data and mass spectra of this steroid as a TMS ether 
derivative were the .same as those of 3/9,16a-dihydroxy-5/?-pregnan-20-one (Fig. 2). 
Another isomer witii very similar RRT values, 3a,16cic-dihydroxy-5a-pregnan-20-one, 
could be excluded because of the differences between the mass spectra of these two 
isomers (see Gustafsson, Gustafsson & Sjovall, 1968), which were confirmed in this 
study. 3;5,16a-Dihydi'Oxy-o>?-pregnan-20-one was present only in the monosulphate 
fraction. 

Compound 19 was identified as lOa-hydroxypregnenolone by g.l.c. and GC-MS 
analyses (Gustafsson et al, 196S). 

Compou'/td 20 as the TMS ether had g.l.c. and GC-MS properties identical with 
those of the TMS ether of 17a-hydroxypregnenolone (Huhtaniemi, Luukkainen & 
Viliko, 19706). 

Compound 21, The RRT values and mass spectra of the TMS and MO-TMS 
derivatives of compound 21 were ver\^ similar to those of 3a,21-dihydTOxy-oa- 
pregnan-20-one or its 5y?-epimer, and of 3y5,21-dihydroxy-5/?-pregnan-20-one (Janne 
& Vihko, 1970i). The absence of a 3;^-hydroxyi group was demonstrated by a 
negative digitonin test. Compotind 21 and 3a,21-dihydroxy-5/?-pregnan-20-one had 
identical mobilities on g.l.c, both as TMS (see Table 1) and MO-TMS (1-11 on qp-1 
and 1*31 on SE-30 column) derivatives (Janne & Vihko, 19706). Furthermore, the 
two 6-cpimers are separated in the t.l.c. system cyclohexane : ethyl acetate (1:1, v/v) 
(Laatikainen, 19706). Compound 21 had a mobility identical with that of the oj3 
isomer. On the basis of these data compound 21 was identified as 3a,21-dihydroxy- 
5 y?-pregn an- 2 0- one. 

Compoxmd 22, The TMS ether of this compoxmd had the same mobilities on g.l.c. 
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and a mass stpectrum identical with that of the corresponding derivative of 21- 
hydroxypregnenolone (Janne & Vihko, 19706). 

Gom^uvd 23. The mass spectrum of the TMS other derivative of this steroid 
(Fig. 2) had a molecular ion at m/e 474, a base peak at m/e 371 (M-103). and peaks 
at 343 (M-131) and 263 (M-(90+ 131)). The molecular wdght of 474 i^g^sts So 
structure of a dihydroxy mono-oxo C^, steroid ^th two double bonds. The verv 
mtens,ve ion at m/e 371 (M-i03) is typical of a primary trimethyMoxy gi-oup 

M-(90 + 13l)) mdicates cleavage of the side chain with a primary trimethylsiloxv 
group at carbon 21 and an oxo group at C-20 (Jaime & Vihko. 19706). The presence of 
SmT^r r^^''* ^ '^"^ of a fragment 

TJ^^^l' ^^^^ ^ ^"""'^ ^ ^ "^''"'^ * side chain (Peterson. 

1962)^ The presence of an ion at m/e 129 in the mass spectrum of a TMS derivative 
of a ^roid very strongly suggests a 3-hydroxy.5-ene structure for the parent 
compound (see Eneroth 1964; Vihko. 1966). The compound was precipitated 
with digitomn. The site of the additional double bond cannot be settled with certainty 
The formation of the ion at m/e 229 (possibly M-(90 + 155)) might include the cloav- 

/an 'n!^ ^T^^^' "^^^ ^^e ion at m/e 214 

M-(90 + 170) would be due to the rix.gs A. B and C. These findings suggest that the 
additional double bond is between carbons 16 and 17. On the basis of these findings 
compound 23 is tentatively assigned the structure of 3;(7,2 l-dihydroxv-o IC-pre-nt 
cuea-20-one. - > f ^o'"* 

Gompounds 24 wrul 25. A peak with RRT values of 1-42 and 3-82 on qi-1 and 
TM^ ft T-'Tf r''-'';f ^ ""^'^ ''^^ pregnane-3,20,21-trjol 
™ ;V J'T ' ''''' "^""^^ ^ values of the 

TIVIS and Ac-TMS ether derivatives of aU eight possible isomers with this structure 
have been p-nbhshed recently (Janne & Vihko, 1970c). The TMS ethers of the com- 
pound s) detected and those of 5a-pregnane-3«,20a.21-triol and 5^.pregnane-3a 20a - 
2 -tnol have the same RRT values (Table 1). The material derived from the dfs'ulph- 
ate fraction was resolved into two compounds in the t.l.c. system chloroform : etbanol 
(9:1, v/v). One of them (compound 24) was shown to be 5a-pregnaiie-3a,20a 2l-triol 
by companson with the authentic compound. The other (compound 26) was similarly 
Identified as 5A-pregnane-3«,20a.2l-triol. In the same way, the material derived 
from the mono.sulphate fraction was shown to contain only the 5a-isomer. Hence it 
was concluded that compound 24 is .5a-pregnane-3a.20a.23-triol and compound 25 
13 o^-pregnane-3a,20a,21-triol. l^^tuiu 

Gompour^ 26. The T^IS ether of this compound showed gas-liquid chromato- 
graphic and mass speetrometric properties identical with those of the corresponding 
derivative of o-pre?nene-3/?,20a,21-triol (Janne & Vihko 1970c) 

witt;TaTol'3£ -w" " n^ass'spectrum identical 

with that of a 31,15^,1 6ftnhydroxy-5^prcgnan-20-one found in newborn meconium 

ll .TST. if ^P^^*^^ ™ ^^'^^ of com^Zd 

27 and 3y?.15«.16«-tnhydroxy-5«-pregnan-20-one were very similar (Eriksson & 
Gustafsson. 1 970). On this basis compound 27 is partially charLterized as 16C 
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Gompound 28 has the same mass spectrum as a compoxmd found in newborn 
meconium and partially characterized as 3§,16f,19-trihydroxy-5a-pregnan-20-one 
(Gustafsson & Stenberg, 1971). Compound 28 is therefore partiall}'' characterized as 
3^,1 6^, 1 9-trihydroxy-5^-pregnan-20-one. 
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!Fig. 3. Mass si>ectra of the trimebhylsilyl (TMS) and methyl oxime trimethylsilyl (MO -TMS) 
ethers of compound 29 (3/?,llA21-trihydroxy-5/ff-pregiian-20-one). 

Table 2. Relative retention times (BUT) of the trimethylsilyl ether derivatives of the 
isomeric reference 3JI^,2l4rihydroxi/pregnan~20-ones and of compound 29 
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'■* Values calculated from the RKT values of the corresponding 5a-isomer and the 5a : 5^ ratio obtained 
from the RUT values of 3)?-hydroxy-6a-pregnan-20-one and 3^-hydroxy-5/?-pregnan-20-one. 
CoiHrn.iojis in gay-liquid chruinatogruphy tw in Fig. 1. 

Compound 29, The mass spectra of the TMS and MO-TMS derivatives (Fig. 3) of 
this compound were very similar to those of the corresponding derivatives of 3, 11-2 1- 
trihydrox3^)regnan-20-ones. The mass spectrum of the LrimethylKilyl ether of 
compound 29 has a molecular ion at m/e 566 and a base peak at m/e 255. The peaks 
at m/e 463 (M-.t03), 373 (M-{90+ 103)),'345 (M-(90-M31)), 283 (M-(2 x 90+103)) and 
255 (M-{2 X 90+ 131)) suggest a primary trimethylsiloxy group at carbon 21 (Sharkey 
et al. 1957) and an oxo group at C-20 (Jannc & Vihko, 1970&). The MO-TMS deriva- 
tive of compound 29 has a molecular ion at m/e 595, and in this derivative a 21- 
hydroxy-20-keto structure is snggested by the prominent peaks at m/e 175 and 188 
(Gustafsson & Sjovail, 196S). The ERT values of the four isomeric 3,ll/i*,21-tri- 
hydroxypregnan-20-ones and compound 29 are shown in Table 2. From these data 
it is concluded that compound 29 is 3;^,lly5,21-trihydroxy-5^-pregnan-20-one. 

Measxirements. The quantities of the neutral steroid mono- and diexdphate con- 
jugates detected in the meconium samples analysed are given in Table 3. The 
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Table 3, Concentrations of -neutral steroid mono- and disulphales in intestinal contents 
of early and^ mid'terrn foetuses. The values are expressed as fuj of the free steroid in 
100 g meconium {wet weight) and are n^t corrected for methodological losses 
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Analj-sis I = meconium from uno foetus, 2-7 g (ago 20 weeks, crown-rump lengUi 20-0 cm). Analyaia 11 
= meconium from 5 foet^^s, 1-9 g (ago 14-17 weeks). Analysis IH = meconium from one foetus 
/ ^ ' crown-rump length 16-0 cm). MoS = mouosulphates. Dig - disnlphat/^s 
Ihm-Iayer chromatographic separation of these two steroids was not used in tho auaniiU.tive 
analyses of the cUsulphate fraction. uuctru.iwiuve 
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Analysis III 


MoS 


DiS 


Total 


170 




170 


10 


260 


270 


40 


50 


90 ! 


490 


630 


1120 

j 


140 


560 


700 


140 


310 


450 




70 


70 


50 


120 


170 




120 


120 


140 




140 


3t0 




310 


1290 




1290 


430 




430 




450 


450 


30 


200 


230 


210 


670 


880 


220 


240- 


460 


210 




210 


420 


780 


1200 


50 


30 


SO 


80 


360 


440 



accuracy of t| 
detenniQiag th 
tissue homogej 
about 70-80^ 
The total coi 
contents (wet 
of monosulpha^ 
two pregnadie^ 
810-1840 /ig/ic 
followed by { 
epiandxosteronj 
and 21-hydro3^ 



Poetal mecoi 
investigated. % 
It is possible t 
amniotic fluid, j 
Klopper, 1970)! 
foetal compartr 
Hxihtaniemi & 
through the bili 
tract itself as 
Pliddnger & Tc 
Solomon, 1966); 
steroid hormori 
intestinal tract 
resorption take 
componnds. 

Starting firoia 
the formation o 
Thus, all the sf 
However, the pi 
Of the keton 
hydroxydehycW 
ponents of the: 
An interesting \ 
sterone, a steroi 
1972). The conci 
that of the corr 
early and mid- 
(Huhtaniemi &! 
1970cZ), term uri 
foetal kidney tii 
where only the 



Material may be protected by copyright law (Title 17, U.S. Code) 



tes in intestinal contents 
ftg of the free steroid in 
logical losses 



Analysis III 











otal 


MoS 


DiS 


Total 


no 


170 




170 


!S0 


10 


260 


270 


90 


40 


50 


flO 


i70 


490 


030 


1120 


)20 


140 


560 


700 


^40 


140 


310 


460 


120 


— 


70 


70 


60 


50 


120 


170 


30 




120 


120 


190 


140 




140 


150 


310 


— 


310 


(30 


1290 




1290 


iOO 


430 




430 


HO 




450 


460 


m 


30 


200 


230 


.60 


210 


670 


SSO 


!90 


220 


240 


400 


SO 


210 




210 


'70 


420 


780 


1200 


:4n 


50 


30 


SO 


110 


SO 


360 


440 


:go 


370 


BOO 


1090 


;iD 


720 


1120 


1840 


»30 


160| 


lOOU 


IJtiO 


.00 




700 


700 


ito 


320 




320 


HO 


340 




340 


:00 


540 


10 


fJ50 




t)830 


S370 






V ^ 







15250 



> length 20-0 cm). Analysis II 
meconium from one foetus, 
DiS = disulphates. 
oi used in tho quantitative 



Steroids in the intestinal contents of foetuses 153 
accuracy of the method used has been tested earlier with some foetal tissues by 
determining the recoveries of synthetic steroid mono- and disulphatcs added to the 
tissue homogenates analysed (Huhtaniemi et al. 19706). The mean recoveries were 
about 70-80 %. The %ures in Table 3 have not been corrected for analytical losses. 

The total concentration of sulphate conjugates was 9-6-15-3 mg/lOD intestinal 
contents (wet weight) in the pools analysed. Of this, about half was in the fraction 
of monosulphates and half in the fraction of disulphates. The main compounds were 
two pregnadienes, 3y?,21-dihydroxy-5,16-pregnadien-20-one (tentatively identified, 
810-1840 /^g/lOOg) and 3;5-hydroxy-5,16-pregnadien-20-one (790-1330 /ig/1 00 g)! 
followed by 5/?-pregnane-3a,20a-diol (SSO-lieO/ig/lOO g), 1 6a-hydroxydehydro- 
epiandrosterone (650-1 120 /ig/100 g), 16a-hydroxypregnenolone (430-1200 /ig/lOOg) 
and 21-hydroxypregnenolone (360-1060 /ig/1 00 g). 



niscnssiON 

Foetal meconium is the richest foetal source of neutral steroid sulphates so far 
investigated. These steroids have several routes of entry into the intestinal tract. 
It is possible that not all the compounds are fully absorbed fi-om the swallowed 
amniotic fluid, which contains a number of sulphate- conjugated neutral steroids (see 
Klopper, 1970). Many of the s-teroids found in this study were also detected in other 
foetal compartments (Huhtaniemi, Ikonen & Vihko, 1970a; Huhtaniemi et al 1970&; - 
Huhtaniemi & Vihko, 1970a, h, 1972) and were possibly excreted into the intestine 
through the biliary tract. Yet another route would be secreta of the foetal intestinal 
tract itself as well as desquamated epithelial cells. In incubations (Wu, Archer, 
Flickinger & Touchstone, 1970) and perfusion studies (Bird, Wiqvist, Diczfalusy & 
Solomon, 1066) it has been shown that the intestinal epithelium is able to metabolize 
steroid hormones in vitro. Tlie extent of the resorption of the steroids from the 
intestinal tract cannot be evaluated at the present moment, but it is likely that 
resorption takes- place and might be selective, depending on the structure of the 
compounds. 

Starting from pregnenolone and progesterone, all the enzymic activities needed for 
the formation of the steroids detected in this study have been foimd in foetal tissues. 
Thus, all the steroids in meconium may be products of foetal steroid metabolism. 
However, the possibility oi' placental and maternal contributions cannot be excluded. 

Of tho ketonic Cjo steroids found in this study, dehydroepiandrosterone, 16a- 
hydroxydehydroepiandrosterone and 3/?,17;?-dihydroxy-5-androsten-16-one are com- 
ponents of the human early and mid-term plasma (Huhtaniemi & Vihko, 1970a). 
An interesting feature is the high concentration of 1 6^-hydroxydehydrocpiandro- 
sterone, a steroid found only in traces in other foetal tissues (Huhtaniemi & Vihko, 
1972). The concentration of 6-androstene-3y^,17a-diol in the meconium is higher than 
that of the corresponding 17;^-isorner as in most other foetal compartments, such as 
early and mid-pregnancy plasma (Huhtaniemi & Vihko, 1970a), amniotic fluid 
(Huhtaniemi & Vihko, 1970&; Luukkainen, Siegel & Vihko, 1970; Janne & Vihko, 
1970ci!), term umbilical cord plasma (Shackleton, Livingstone & Mitchell, 19686) and 
foetal kidney tissue (Huhtaniemi & Vihko, 1972). An exception is the foetal liver, 
where only the llfi-form was found (Huhtaniemi et al 19706). 
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One 18-hydroxylated 0^^ steroid, 18-hydroxyandrosterone, was identified in this 
study and it was the onJy saturated C^e steroid found. This steroid has previously 
been identified in human bile (Laatikainen & Vihko, 1969 a) and may thus be of 
maternal origin. Poetal synthesis of this steroid, however, would seem to be possible. 
The human foetal adrenals are capable of converting corticosterone to aldosterone 
(Pasqualini, Wiqvist & Diczfalusy, 1966), a process which requires 18-hydroxylatina 
activity. The microsomes of the human foetal liver convert testosterone to an 18- 
hydroxylated metabohte (Lisboa & Gustafsson, 1969). Eecently, 18-hydroxyandro- 
sterone was identified in amniotic fluid from anencephalie pregnancies (Luukkainen, 
Michie & Yihko, 1971), which further suggests the foetal hver as the possible 18- 
hydroxylating compartment. 

Many of the Coi steroids have a 21-hydroxyl group. Of these steroids 21-hydroxy- 
pregnenolone. 5a-pregnane-3a,20a,21-triol and 5-pregnene-3^,20a,21-triol have earlier 
been found in amniotic fluid at term (Janne & Vihko, 1910d), and 21-hydroxy- 
pregnenolone, 3a,21-dihydroxy-5^-pregnan-20-one, 5-pregnene-3/?,20a,21-triol and 
5a- and 5^-pregnane-3o:,20a,21-triol in human pregnancy urine (Janne & Vihko, 
1970c). A very high 21 -hydroxylating activity has been shown in human foetal 
adrenals (ViUee, Engel, Loring & ViUee, 1961; Mihier & Mills, 1970) but it is also 
known that 21 -sulphates of C^i steroids are able to cross the placenta without 
hydrolysis (Pasquahni, Cedard, Nguyen & Alsatt, 1967). Thus, the 21-hydroxylated 
steroids in the meconiuni may be of both foetal and maternal origin. 

An interesting observation is the large amounts of 5,16-pregnadienes identified in 
foetal meconium. More than a decade ago Francis et ah (1962) found a 16-ene steroid, 
3a-hydjoxy-5;6'-prcgn-16-en-20-one, in newborn meconium and suggested that it was 
■ an intermecliato which miglit undergo a side chain cleavage at carbon 3 7. This double 
bond might be introduced in the foetal liver, because conversion of pregnenolone to 
3;?-hydToxy-o,!6-pregnadien-20-onc has been observed in this laboratory in incuba- 
tions wath human foetal liver tissue (unpublished resiilt). On the other hand, con- 
version of 16a-hydroxypregnenolone to 4,16-pregna,diene-3,20-dione has been sug- 
gested to be a placenta] reaction (Reynolds, Wiqvist & Dinzfalusy, 1969). 

All the four possible o-hydroxypregnanes with a 17/? side chain were represented 
among the Cg^ steroids identified. It is known that various foetal tissues reduce the 
4-en-3-one grouping of progesterone, favouring certain isomers. Thus, the foetal hver 
converts progesterone mainly into compounds with a 3a-hydroxy-o/9 structure, 
whereas lung and kidney form 3;'?-hydroxy-oa-pregnanes exciusWely (see Diczfalusyj 
1969). The formation of 3a- hydroxy- 5a-pregnanes seems to be a very minor reaction 
in foetal tissues (YoungLai, Stern, Lmg, Leung & Solomon, 1969). The enzyme 
activities necessary for the conversion of progesterone into a 3;^-hydroxy-5;^-pregnane 
have been found in the foetal compartment (Zander, Holzmann, von Miinstermami, 
Runnebaum & Sieber, 1969) but no compounds with this basic structure seem to have 
been identified in foetal tissues. A metabolite of progesterone, 3^, 16a-dihydrox^^-oy?- 
pregnan-20-one, was found in this study to be present in relatively low concentrations 
in foetal intestmal contents. The compound, identified as 3y^,ll^,21-trihydrox}--5y^- 
pregnan-20-one sulphate and present in high concentrations, is a possible metabolite 
of corticosterone sulphate. In a foetal perfiision study it has been observed that the 
main metabolites of corticosterone sulphate are 3a, 11^,2 l-trihydroxy-5y?-pregnan- 
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20-one and 3yff,lly5,21-trihydroxy-5a-pregnan-20-one sulphates, but that the cor- 
responding unconjugated compounds are largely reduced at position 20 and oxidized 
at position 11 (Pasqualini, Wiqvist & Diczfalusy, 1967; Pasqualini, Mozere, Wiqvist 
& Diczfalusy, 1969). This study indicates that in the metabolism of corticosterone or 
its sulphate, reduction to a 3;^-hydroxy-o^-pregnane is of importance in vivo dming 
early foetal life. 

Several differences are evident between the present results on meconium of early 
and mid-term foetuses and those obtained by Kinsella & Francis (1971) and Gustaf- 
sson & Stenberg (1971) on meconium of the newborn. J^Yom comparisons with the 
concentrations of some steroids found by the latter authors, it seems that there is 
a tenfold rise in the concentration of neutral steroid sulphate conjugates in the foetal 
intestinal contents between early and mid-pregnancy and the end of gestation. Com- 
parison of the steroid composition of the meconium of the newborn and of foetuses 
in early and mid-gestation shows that pregnanediols, pregnane-3,20,21-triols, 3;?- 
hydroxy-5, 1 6-pregnadien-20-one, 1 6a-hydroxypregnenolone and 1 6a-hydroxyde- 
hydroepiandrosterone are major components in both stages of gestation. The 
greatest increases seem to take place in the concentrations of androstenediols and 
pregnanediols during pregnancy. At both stages of development, the same ratio 
between total monosulphates and total disulphates (about 1 : 1) is seen. 

In the newborn meconium there are many C^g steroids wath a saturated steroid 
nucleus but only 18 -hydroxy androsterone was foiuid in the intestinal contents in 
early and mid-pregnancy. No steroids with a 6y^- or 7-hydroxy group were detected 
nor steroids with an 11^-hydroxy of 11-oxo group. Only traces of two pregnanc- 
3,16,20-trioIs and one pregnanetetrol were detected, but because of the small con- 
centrations further attempts to identify these compounds w^ere unsuccessful. No 
compounds with a 20y?-hydroxyl group could be detected either. Nor could 17a- 
hydroxylated steroids of the pregnane series be identified. 

Of the steroids detected in this study, 18-hydroxyandrosterone, 3;^,16a-dihydroxy- 
5;5-pregnan-20-one, 3a,21-dihydroxy-oy^-pregnan-20-one, 3y?, 11^,2 1-tri hydroxy- 5/5- 
pregnan-20-oaie, 3y5,15^-dihydroxy-o,10-pregnadien-20-one, 3/?,21-dihydroxy-5,16- 
prcgnadien-20-one and 5a-pregnane-3a,20a,21-triol were not identified in thenewborn 
meconium, and of these steroids 3^/^,11^, 2.1 -trihydroxy-5/?-pregnan-20- one, 3/?,15g- 
dihydrox5'--5, 1 6-pregxiadien-20-one (tentative^ identified) and 3^, 2 1 -dihydroxy-5, 1 6- 
pregnadicn-20-one (tentatively identified) seem to be detected for the first time iri 
biological material. 

Summarizing the observations in the steroid patterns in the meconium of early to 
mid-pregnancy and at term, some conclusions can be drawn. There is a many -fold 
increase in the steroid concentrations, especially in the saturated C^^ steroids and 
polar pregnane derivatives. 20;ff-Reduction of the 20-oxo group seems to take place 
more actively towards the end of pregnancy, whereas 5,1 6 -pregnadienes and 3^?- 
hydroxy-5/?-pregnanes seem to be more abundant in the early months. 

The skilful technical assistance of Mrs Salme Ollikainen is gratefully acknowledged. 
This investigation was sixpported by grants from the Sigrid Jus^lius Toiuidation and 
the Ford Foundation. 
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GENERAL REVIEW 

16-UNSATURATED C^s STEROIDS 
A REVIEW OF THEIR CHEMISTRY, BIOCHEMISTRY 
AND POSSIBLE PHYSIOLOGICAL ROLE 

D. B. GOWER 

Department of Biochemistry. Guy's Hospital Medical School, London S.E. 1. England 

(Received 4 August 1971) 

I. INTRODUCTION 

Since the isolation of three 16-unsaturated Cio steroids from pigs* testes in 1944 
[1] and from human urine in 1950[2L this group of compounds was not intensively 
studied until some ten years ago. With their curious musk-like odour (see p. 93) 
they were considered until recently biochemical oddities that neither fitted into the 
normal pattern of steroid biosynthesis nor had any physiological activity. This 
review* surveys current knowledge concerning the chemical synthesis, occur- 
rence, metabolism and physiological role of these compounds, which are now 
known to be important in the pig and possibly also in humans. Some reference is 
also made to a phenolic 16-unsaturated steroid, oestratetraenolt since this is 
related metabolically to androstadienone (see p. 72). 
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2. OCCURRENCE 

■ The structures of the 16-unsaturated Qc, steroids, that have so far been iso- 
lated from natural sources, are shown in Fig. 1 . 

(a) In pigs. The first report of the presence of 16-unsaturated steroids in pigs' 
testes was by Prelog and Ruzicka[l] who isolated and characterised relatively 
large amounts of an-a and an-^. At that time it was difficult to explain why such 
large quantities of these substances occurred in pigs' testes while the amount of 
androgenic substances was so small, but more recent work [3-6] has shown con- 
clusively that the 16-unsaturated steroids are quantitatively more important than 
the androgens in the pig. Indeed, it appears that the metabolism of the C., steroids, 
pregnenolone and progesterone is biased in favour of the formation of 1 6-unsatur- 
ated steroids rather than androgens [6]. Prelog and Ruzickaf 1] were unable to give 
estimates of the amounts of an-a and an-jS present in their pig testes extracts 
because of analytical losses but later workers [3,4] have attempted to correct the 
yields obtained for analytical losses and these values are shown in Table 1 . 

It is clear that the proportions of the 16-unsaturated steroids in boar testes 
vary considerably with the age of the animal. Booth (personal communication) 
has shown that, in 84 day old foetal testes, andien-/3 is the dominant steroid 
followed by androstadienone > an-a > an-/? > 5a-androstenone. In testes at birth 

*This review of the literature was concluded in May 1971. 

TAbbreviations and trivial names: an-a: 5a-androsM6-en-3a-ol; ae-a: 5/Q-androst-16-cn-3a.ol; 
andien-^: 5.I6-androstadien-3jS-ol; an-j0: 5a-androsT-16-en-3^-ol; 5a- and 5fi- androstenones: 5a- and 
5^- androst-16-en-3-ones; androstadienone: 4,16-androstadien-3-one; oestratetraenol: 1,3,5(10),16- 
oesiratetraen-3-ol; 20^-dihydropregnenolone: 5-pregnene- 3^,20^-diol; 16-dehydroprogcstcrone: 
4,16-pregnadiene-3,20-dionc. 
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Fig. 1. Structures of some 16-unsaturated ds steroids that have been isolated from 
natural sources. I, an-a; II, ae-a; III, an-j8; IV, 5a-androstenone; V, androstadienone; 
VI, andien-^. The structures of civetone (VII) and muscone (VIII) are included for 

comparison. 

Table 1. Amounts (/ig/g tissue) of 16-unsatu rated Ci9 steroids and testosterone present in boar tissues 





Age of boar 


5a- 








andro- 


testo- 




Tissue 


(days) 


androstenone an-a 


an-;S andien-^ stadienonc 


sterone 


Reference 


Testis 


175 


0-10 


0-28 


1-35 






0 006 1 




217 


0-27 


0-74 


4-41 






0-021 


' [4] 




229 


0-31 


0-89 


3-43 






0 037 . 






252* 


0-034 


0-78 


2-74 


0-22 


0-006 


002 


W. D. Booth 




252t 


0-05 


0-34 


1-62 


010 


0 006 


0 031 


(personal com- 




4 years 


0*05 


0-60 


3-29 


0-45 


0-012 


0 007 . 


munication) 


Parotid gland 


175 


0-17 


29-9 














217 


11-43 


820 


5-69 








■ [4] 




229 


1-99 


49-9 


1-44 










Sub-maxillary 


84 


0-018 


0-12 


0-029 


trace 




trace ^ 


[3,61] and 


gland 


252* 


0-063 


M2 


0-19 


0 032 




0-007 


W. D. Booth 




252t 


0-032 


0-35 


0-07 


0 028 




0-013 


(personal com- 




4 years 


1-08 


24-3 


0-116 


0098 




0 028 . 


munication) 


Fat 


175 
217 
229 


1-03 
7-49 
1-74 












[4j 



♦weight 126 kg. 
tweight 100 kg. 

androstadienone predominates followed by andien-jg > an-a > an-)3 > 5a- 
androstenone. The predominance of an-a over an-)8 continues in the prepubertal 
animal (to the age of approximately 12 weeks) but by about 18 weeks there is a 
reversal in the an-a:an-j3 ratio, an-^ then becoming the predominant steroid. 
Table 1 shows that the ratio of an-)S to an-a in animals 175-229 days is 4-6: 1. 
These results clearly demonstrate the development with age of the biosynthetic 
pathway for 16-unsaturated C19 steroids. 

In keeping with these findings, recent work [7] has shown that andien-^ can be 
formed from pregnenolone in testes taken from pigs as young as 3 weeks and that 



the yield obt 
p. 66). It alst 
formed from 
and then to 
sulphate in 1: 
dominance o 
tissue [6, 9] (: 
tioned above 
an-j3 occurs i 
conceivable t 
No studies h; 
the separatio 
seminiferous 

[11]. 

The data 
ated steroids 
to testostero) 
I6-unsaturat' 
boar. The re ' 
pp. 56 and 9f 

The amoi 
like smell (st 
once formed 
thence, presi 
long been kn 
ant smell on 
'*boar taint" 
of 5a-andro^ 
immature pi^ 
any 5a-andrc 

Table 2, Ratios 



Tissue 



Testis 



Submaxillary 
gland 



•ratios caJcu 
tweight 126 
tweight 100 



Material may be protected by copyright law (Title 17, U.S. Code) 



to 



to 



olated from 
)Stadienone; 
included for 



ent in boar tissues 



ne Reference 



1 [4] 
7 J 

1 W.D. Booth 

i [ (personal com- 

7 J municatioTi) 

I [4] 

- ] [3.61] and 
7 W.D. Booth 
3 (personal com- 
3 J munication) 



[4] 



> an-^ > 5a- 
the prepubertal 
'eeks there is a 
ninant steroid, 
days is 4-6:1. 
ae biosynthetic 

indien-j3 can be 
weeks and that 



16- Unsaturated Ci$ steroids 



47 



the yield obtained in vitro is of the same order as that in adult testis tissue (see 
p. 66). It also seems likely that andien-^ may be the first 16-unsaturated steroid 
formed from pregnenolone and that it is further metabolised to androstadienone 
and then to an-a and an-j8[8]. The finding of only trace quantities of andien-^ 
sulphate in boar spermatic vein plasma lends support to the idea [5]. The pre- 
dominance of the yields of an-)3 over an-a in m vitro incubations of mature testis 
tissue [6, 9] (see p. 56) is in complete agreement with the resuhs of Booth men- 
tioned above. It is of particular interest that the reversal of the ratio of an-a to 
an-^ occurs at puberty in the boar. Since spermatogenesis begins at this time, it is 
conceivable that the seminiferous tubules may be involved in this transformation. 
No studies have yet been performed, however, owing to the problems involved in 
the separation of the tubules from interstitial tissue of boar testis [10] although the 
seminiferous tubules in other species are capable of some steroid transformations 
[H]. 

The data collected in Tables 1 and 2 also shCw the extent to which 1 6-unsatur- 
ated steroids occur in boar testes compared with testosterone. The ratios of an-j8 
to testosterone are as much as 100-200: 1 and strongly suggest that this group of 
16-unsaturated steroids may possess a special physiological significance in the 
boar. The relevant biochemical and physiological studies are reviewed later on 
pp. 56 and 96. 

The amount of testicular 5a-androstenone, a compound with an intense urine- 
like smell (see p. 93), also increases with age[3,4]. It is this compound which, 
once formed in the testes [12] passes into the spermatic venous blood [5] and 
thence, presumably because of its high lipid solubility, to the adipose tissue. It has 
long been known that bacon joints, taken from entire male pigs, emit an unpleas- 
ant smell on being cooked; Patterson [13] was the first to isolate the so-called 
'*boar taint" from fat samples and to show that its structure was identical with that 
of 5a-androstenone (see Fig. 2). A quantitative analysis of fat samples from 
immature pigs and from male castrates, however, showed that there was little if 
any 5o£-androstenone present, a finding in keeping with the testicular origin of this 

Table 2. Ratios* of 16-unsaturated Cjg steroids to testosterone isolated from boar testis and sub- 
maxillary glands 



Tissue 


Age of 
boar 
(days) 


androstenone 


an-a 


an-yS 


andien-^ 


andro- 
stadienone 


Reference 


testo- 
sterone 


testo- 
sterone 


testo- 
sterone 


testo- 
sterone 


testo- 
sterone 


Testis 


175 


17 


47 


225 










217 


13 


35 


200 






■ [4] 




229 


9 


24 


94 










252t 


1-7 


39 


137 


n 


0-3 






252i 


1-6 


11 


52 


3-1 


0-2 


[33 




4 years 


7 


85 


470 


65 


1-7 




Submaxiiiary 252t 


9 


160 


28 


4-6 




W. D. Booth 


gland 


252$ 


2-5 


27 


5-7 


2-2 




• (personal com- 




4 years 


33 


870 


4 


2-5 




munication) 



•ratios calculated from data in Table 1 . 
twcight 126 kg. 
$ weight 100 kg. 
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compound (3, 4, 12J. Fat taken from boars aged 175-225 days contained up to 
1 1 -4 jtxg/g of 5tt-androstenone but there was no age-dependence [4] (Table 1). The 
practical implications of the presence of this steroid for the pig will be discussed 
later (p. 96). 

Until recently the salivary glands in animals were considered as unimportant 
in steroid metabolism but there is evidence now to implicate them in corticosteroid 
[14], androgen[15] and 16-unsaturated steroid metabolism. Patterson[16] was the 
first to isolate an-a from boar submaxillary gland but was unable to demonstrate 
its presence in the corresponding parotid or sublingual glands. Gower and Katkov 
[7] were able to show the formation of andien-jS from pregnenolone in homo- 
genates of boar sub-maxillary glands (see p. 63). Recently, a gas-liquid chromato- 
graphic (g.l.c.) method has been used [4] to analyse parotid glands from boars and 
has revealed the presence of an-a, an-jS and 5a-androstenone (Table 1). 

Boar saliva has also been analysed for 16-unsaturated steroids [16, 17] and 
both an-a (approximately l-O^tg/ml) and 5a-androstenone (approximately 
0-05 fig/ml) were shown to be present. The possible implications of these findings 
for the physiology of the boar will be discussed in a later section (p. 96). 

In accord with the finding of an-a, an-y3 and 5a-androstenone in boar testes, the 
same three compounds have been detected in boar spermatic vein blood [5] and 
characterised by column, thin-layer and gas-liquid chromatography and finally by 
mass spectrometry [18] (Fig. 2). The two alcohols occurred predominantly as 
sulphates whereas the ketone was obtained in the **free steroid" fraction. The con- 
centration of this ketone has been estimated in peripheral plasma of boars, sows 
and male castrates [4. 19] and a definite age- and sex-dependence was shown to 
exist (Table 3). There was also a possible correlation with the concentration of 
testosterone in the same plasma samples (Fig. 3) but so far there is no evidence 
that the ketone is derived from testosterone [6]. 

An analysis of boar urine [20, 5] revealed the presence of an-/3, conjugated as 
glucosiduronate, at a concentration of approximately 250 /^g/1. A corresponding 
analysis of the sulphate fraction showed that no 1 6-unsaturated steroids were 
present. These results^ concerning the occurrence of 16-unsaturated steroids in 
the pig, are summarized in Table 4. 

(b) In man. In contrast to the pig, the predominant 16-unsaturated steroid in 
human urine is an-a. This was originally isolated from the hydrolysed glucosiduro- 
nate fraction of male and female urine [2], Using a colorimetric method [21 J de- 



Table 3. Concentration (ng/ml) of 5 


a-androstenone and testosterone in the 




peripheral plasma of pigs (from Ref. 4) 




Type 


Age (days) 


5ot-androstenone 


testosterone 


Boars 


175 


6-0 


9-6 




217 


17-6 


15-0 




229 


22*3 


16-1 


Sows 


175 


0-8 


0-4 




229 


2-0 


1-4 




238 


2*0 


1*9 


Male castrates 


175 


2-7 


1-5 




217 


1*7 


2-1 




236 


1-3 


2-4 
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vised in later work (see p. 86), Brooksbank[24] analysed a large number of 24 h 
urine samples from healthy men and women of different ages and showed that the 
mean excretion was 1 180 jug/day in men (age range 16-45 yr) and 429 MgMay in 
women (age range 16-45 yr). These results were confirmed by later investigators 
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Fig. 2. Mass spectra of 16-unsaturated Cjy steroids. A, 5a-androslenone; B, 5a-andro- 
stenone from boar fat; C, 5a-androstenone from liuman axillary sweat; D, an-a; E, 
an-^ (note the different ratio of the intensities of the peaks m/e 241 :274); F, andro- 
stadienone; G, an-/3 isolated from boar spermatic vein plasma and converted to the 
chloromethyl dimethyl silyl (CMOS) ether; H, an-j3 CMDS ether. (A and B are repro- 
duced by permission of J. & A. Churchill, Ltd. from Ref.[I30]; C, data from Ref.I34]; 
D and E by pennission of The Society for Chemical Industry, Ref.[16]; F, from Gower 
and Patterson, unpublished [cf. Ref. 18]; G and H by pennission of Journal of Endo- 
crinology, Ltd., Ref. IS). 



Table 4. Summary of 16-unsaturated C,., steroids present in boar tissues 



300 



nber of 24 h 
wed that the 
29 >i.g/day in 
nvestigators 



Source 


16-unsaturated Cig steroid present 


Reference 


Testis 


an-a, an-^, 5Qr-androstenone, andien-j8, 


[1,3.4] and personal 




androstadienone 


communications 






from W. D. Booth 






and R. Claus 


Salivary glands: submaxillary 


an-a, an-^, 5a-androslenone, andien-,fi 


[3.16] andW. D. 
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an-of, 5a-androstenone 
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5a-androstenone 
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Fig. 3. Correlation with age and sex of 5a-androstenone (O) and testosterone (•) in the 

peripheral plasma of pigs. Males , male castrates, , females (data- 

from Ref [4] by permission). 



using the same colorimetric method [22] although a g.l.c. method devised later [23] 
resulted in slightly lower mean values for an-a excretion (1052 and 360 /zg/day for 
men and women respectively in the same age ranges as above). Urinary an-« 
excretion is very small in infants and children [22,24] but increases at puberty to a 
maximum in the young adult years for both men and women and thereafter de- 
creases to lower values in old age (Fig. 4). In many postmenopausal women an-a 
excretion was found to be as low as 1 00 ^ig/day or less whereas men over the age 
of 45 yr excreted some 500 /ig/day on the average. Although the ranges for an-a 
excretion are very large (< 100-2630 /ig/day for men and < 1 00-1100 /ig/day for 
women) (Table 5), these changes with sexual development suggest a possible 
relationship with androgen production. An-a excretion is increased in some men 
after HCG administration while ACTH causes an increase in urinary an-a in both 
men and women (22, 24] suggesting that the source of an-a may be, in part, the 
testes in men and the adrenals in women. 

In breast cancer patients, a positive correlation was shown to exist between 
urinary excretion of an-a and that of androsterone, aetiocholanolone and DHA 
[26]. However, there is no evidence that an-a is derived from testosterone, DHA 
or other C,9-steroids (see p. 64) nor is there any clear correlation in a group of 
hirsute patients [23] (Table 6). 

in 1964, an investigation [27] of 69 male psychiatric patients, aged 18-45 yr. 
showed that they were excreting significantly less an-a than a control group of 
healthy men in the same age range and also less than a group of psychiatric 
patients in whom no signs of schizophrenia were evident. There was, however, no I 
significant difference between the amounts of 1 7-oxosteroids ( 1 7-OS) excreted by "\ 
the three groups of individuals. The fact that there was a polynomial, or exponen- | 
tial, relationship between urinary an-a and 1 7-OS in both the healthy subjects and I 
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Table 6. Urinary an-a and 1 7-oxosteroids (mg/24 h) in females with simple hirsutism 
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Androsterone 


anolone 


DHA 




32 


0-7 


4-8 


4-8 


0-95 


J.W. 


24 


0-9 


5-4 
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5-1 


P.H. 
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l.B. 
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1-44 
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0-4 
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3-3 
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CM. 
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0-85 


01 


S.S. 
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0-65 
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0-33 


c. 


19 


0-47 
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1-6 


0*4 


s.c. 


21 


0-47 








P.W. 


39 


0-39 








Mean normal values 












(with ranges) 




0-36* 


l-4t 


l-8t 


a-56t 






(0-23-0-42) 


(0-9-2-6) 


(0-6-2-2) 


(0-23-0-42) 



*From Rcf.I23], 

tFrom Ref. [3 1] (by permission of the publishers' Periodica, Copenhagen). 
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the patients was taken to suggest a possible indication of a 'safety-valve* 
mechanism; that is to say, the production of an-a or other 16-unsaturated steroids 
may be 'a side-reaction which becomes of greater importance as androgen produc- 
tion rates increase. At low androgen production rates this mechanism would not 
be expected to operate. As discussed by Brooksbank and Pryse- Phillips [27] the 
existence of such a mechanism would imply that an-a excretion would be a more 
sensitive index of effective androgen secretion than that of 17-OS. In a more 
recent study [28], however, the urinary an-a levels of a smaller group of schizo- 
phrenics (10 individuals) were substantially higher than in the earlier study and 
there was now no difference between the urinary an-a levels of patients and 
controls. The reason for the failure to repeat the earlier observations [27] may be 
the existence of a sub-group of schizophrenics in whom signs of androgen de- 
ficiency are present. It is conceivable that, in the earlier study, the patient group 
contained more individuals of this type. 

In addition to an-a, the glucuronoside fraction of'fiuman urine contains two 
more 16-unsaturated C,9 steroids, ae-a and andien-yS, at concentrations of 
approximately 6 and 25 fxgH respectively [29], More recent analyses [23] have 
resulted in mean values (figlg creatinine) for ae-a and andien-j3 of 5-88 and 43*4 
respectively for men and 4-77 and 20-7 respectively for women. In these studies no 
an-j8 has been detected in human urine but recently the presence of a small amount 
has been demonstrated following the intravenous administration of labelled 
androstadienone[30]. In a woman with a virilizing adrenocortical carcinoma[31] 
approximately 30% of the urinary an-a was excreted conjugated as sulphate- (see 
p. 65). 

Human plasma has received scant attention as far as 16-unsaturated steroids 
are concerned. Brooksbank and his colleagues [32] have provided evidence for 
the presence of small quantities of androstadienone in male peripheral plasma but 
only approximate values were given by these workers since no correction was 
made for analytical losses entailed by the method. The amount of androstadienone 
in the 'free steroid* (ether-extractable) fraction was approximately 0-5-1 -O^tg/l, 
while twice this amount was present in the 'sulphate-conjugated' fraction. From 
experiments performed subsequently both in Brooksbank's and in the author's 
laboratories, it seemed likely that some androstadienone existing as 'free steroid' 
in plasma was not extracted with ether at an alkaline pH and this may thus have 
contributed to that recovered after solvolysis of sulphates. More recent analyses 
of pools of plasma from normal men and women, using [^H] -androstadienone to 
estimate losses, have given values in the free fraction of 0-984 and 0-366 /xg/l 
respectively [33]. The only other reference to 16-unsaturated steroids in human 
plasma is by Gower and Stern [31] who reported tentative evidence for the pre- 
sence of an-a in the peripheral plasma of a woman with a virilizing adrenocortical 
carcinoma; after adrenalectomy, an-a was no longer detectable. 

In view of the intense smell of some of the 16-unsaturated Qs steroids, 
especially 5a-androstenone (see p. 93), Gower and Llewellyn[34] felt it worth- 
while to analyse axillary sweat obtained from human male subjects to see if these 
compounds could contribute to underarm smell. Collections of axillary male 
sweat were made for periods of up to 1 8h on pads of fat-free cotton-wool strapped 
in the arm-pits. The pads were changed at intervals of six hours and the combined 
pads extracted in a Soxhlet apparatus with double-distilled peroxide-free ether. 
After removal of fatty acids, by washing with 0-1 M NaOH, the ether extract was 
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dried and evaporated to dr>'ness. The residue was then subjected to sublimation on 
a micro-scale at 90°C under a vacuum of 0'15mmHg. The lipid that had con- 
densed on the cold-finger (maintained at — 67°C throughout) was subsequently 
recovered with ether and the solution analysed by g.l.c. and finally by combined 
gas chromatography-mass spectrometry. 5a-Androstenone was thus character- 
ised in one male axillary sweat sample (Fig. 2), but attempts to detect this same 
compound in the sweat of other male subjects have failed (B. W. L. Brooksbank, 
personal communication). It is conceivable that there may be a temporal or in- 
dividual variation in the excretion by this route of this powerfully-smelling com- 
pound. After intravenous administration of [4 — ^^C] androstadienone to men or 
women, the axillary excretion of '^C was slight and no greater than after adminis- 
tration of labelled 4-androstenedione, progesterone or pregnenolone by the same 
route (Ref. 35 and B. W, L. Brooksbank, personal communication). 

The phenolic 16-unsaturated steroid oestratetraenol is formed from andro- 
stadienone (see p. 72) and occurs in pregnancy urine (conjugated as glucosiduro- 
nate) at a concentration of approximately 100 ^tg/1 [36]. 

3. BIOSYNTHESIS OF 16-UNSATURATED STEROIDS IN VITRO 

(a) In animals other than pigs. In 1960 the presence of an-a and an-^ in pigs' 
testes was known [1] and so also was the occurrence of an-a in human urine [2]. 
At that time, however, nothing was known about the biosynthesis of these com- 
pounds although it was generally thought that testosterone was the parent com- 
pound. This hypothesis was supported by evidence that testosterone was con- 
verted in small yield to androstadienone in a rat testis homogenate[37] and to 
androstadienone together with an-/3 in a human liver preparation [38]. At that 
time an-a was believed to be a specific urinary metabolite of testosterone [39]. 

In the years following 1960 in the author*s laboratory, experiments were 
designed in order to ascertain the biosynthetic origin of 16-unsaturated steroids 
in, initially, rats, rabbits and guinea-pigs. An-a was formed in small yield from 
acetate in testis slices of rabbits and guinea-pigs [40]. In later experiments the 
metabolism of pregnenolone [41] and DHA[42] to 16-unsaturated steroids was 
studied in detail in rat testis preparations. Pregnenolone was converted to small 
yields of androstadienone and ae-a[41] while these compounds as well as an-a 
were formed from DHA[42]. A kinetic study of the formation androstadienone 
from DHA showed that the former increased in amount up to 2 h incubation but 
thereafter remained constant [42]. It should be emphasized, however, that the 
yields of 16-unsaturated steroids obtained in most of these experiments (summar- 
ized in Table 7) were extremely small (approximately 0-1% or less) and it seems 
unlikely that this group of compounds is of great significance in rabbits, rats or 
guinea-pigs. In contrast, bullock adrenal slices produced higher yields (1-2%) of 
an-a from DHA acetate [43]. 

(b) Biosynthesis in porcine tissues. Since 16-unsaturated steroids had been 
isolated from porcine testis by Prelog and Ruzicka[l], Gower and his collabor- 
ators considered it worthwhile to investigate the biosynthesis of these compounds 
in boar testis preparations. Both the Cig steroids pregnenolone [9] and progester- 
one [6] were metabolised in boar testis preparations to high yields of an-^ (10- 
15%) and also to an-a (1-2%). These yields at once suggested that the 16-un- 
saturated steroids might be of particular importance in the boar, especially as the 
yields of androgenic compounds were relatively small in the same incubations [6] 
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(Table 8). Recent work[3,5] (already mentioned on p. 47) has also shown that 
the quantities of 16-unsaturated steroids in boar testis are greater than those of 
other Ci9 steroids such as testosterone. A more detailed kinetic study [6. 44] of 
the metaboh'sm of progesterone in boar testis minces (Fig. 5) suggested that 
androstadienone might be the first 16-unsaturated steroid formed, being sub- 
sequently converted to the ring A-saturated alcohols, an-a and an-)3, that ac- 
cumulated later in the incubation period. In the light of more recent work, it 
seems likely that progesterone gives rise only to traces of androstadienone where- 
as some ten times as much is formed from pregnenolone under the same incuba- 
tion conditions [6, 8] (Table 8) and very similar results have been obtained in 
human testis tissue [71] (Table 13). Evidence has also been provided [8] for the 
formation of andien-jS in high yield (15-20%) from pregnenolone in boar testis 

Table 8. Percentage incorporation of and '^C into 16-unsaturated steroids and other metabolites 
obtained after incubation of ^H- and >^C-labelled C31 steroids with minces of boar testis 



Incubation 1 
([4-^'^]pregnenolone and 
I7a-^H]progesterone) 



Incubation 2 
([7a-^H]progesterone and 
I7a-hydroxy[4-^*Clprogesterone) 



Metabolite 




'^C{%) 


^Ur-'C ratio 




^WC ratio 


Androstadienone 


0-007 


0-064 


0-1 


0-006 0 




An-Q 


\92 


1-62 


M 


1-5 


0 




An-^ 


IM 


10-6 


M 


10*0 


0 




Androstenedione 


0-46 


0-86 


0-5 


0-21 


0-33 


0-63 


Testosterone 


0-37 


1-23 


0-3 


0-32 


0-53 


0-6 


1 7a-Hydroxyprogesterone 


0-014 


0-005 


0-3 


0-07 


0-75 


0-1 


Progesterone 


2-17 


0-on 


197 


1-9 


0 




Pregnenolone 


0 


9-0 - 




0 


0 




DHA 


0 


0-007 




0 


0 





Results are expressed as percentages of the radioactivity extracted from the equivalent of I g 
wet wt. of tissue, after correction for analytical losses. 

Data from Ref. [6], by permission of The Biochemical Journal. 




Time 



Fig. 5. Kinetic study of the formation of 16-unsaturated C19 steroids from [4-"C] 
progesterone in a boar testis mince. Data from Refs.[6] and [44]. Androstadienone(0), 

Xl00;an-a( ); an-;e<jf). 
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homogenates. Since andien-^ could be converted to androstadienone if NAD**^ 
was present [8], it seemed that there were two possible pathways for androstadien- 
one formation from pregnenolone: 



and 



(i) pregnenolone -* andien-j3 ^ androstadienone 
(ii) pregnenolone progesterone -> androstadienone. 



Pathway (ii) however, appeared to be relatively unimportant in view of the 
minute yields of androstadienone formed from progesterone [6]. (Much larger 
yields (approximately 3%) of 5a-androstenone are formed from progesterone 
[12]). 

A large number of Ci9-steroids have been tested as possible precursors of 
16-unsaturated C19 steroids in boar testis preparations. Testosterone and DHA 
[6], however, did not serve as precursors. NeitKer did the former steroid serve 
as a precursor in testis of rabbits, rats or bulls in i?//ro[45,46]. In view of the 
ease of chemical dehydration of epitestosterone compared with testosterone 
[47], the former was considered a more likely precursor. However, when epi- 
testosterone was incubated with testis preparations from boars [9] and from rats, 
rabbits and bulls [45, 46] little or no 1 6-unsaturated C19 steroids were formed. 

Recently, the metabolismof testosterone has been investigated in the 105,000^ 
supernatants of boar testis homogenate[48]. Only small yields (0*15-"0*4%) of 
androstadienone were formed and traces of an-/3 (tentative identification). These 
results are therefore essentially in keeping with others in which testosterone was 
used [6]. However, when this steroid was incubated with the 105,000^^ super- 
natant of sow ovarian homogenates, good yields of androstadienone (up to 4*7% 
in some experiments) were obtained [48]. In the same series of experiments [48], 
both 16a- and 17oi-hydroxyprogesterone were converted to 16-dehydroprogester- 
one but no 16-unsaturated C19 steroids were formed. Similar negative results 
using 1 6a-hydroxyprogesterone in boar testis homogenate have been obtained by 
other workers [49]. 

The search for intermediates between G2] steroids and 16-unsaturated C19 
steroids 

By comparison with the well-established biosynthetic pathways for dp- 
steroids such as androstenedione and DHA, Ahmad and Gower[6] considered 
17a-hydroxylated Q, steroids as likely intermediates, since side-chain cleavage 
was known to occur only after 17a-hydroxylation in androgen biosynthesis. In 
a double isotope experiment, however, using 17a-hydroxy-[4-^^C] progesterone 
and [7a-^H] progesterone, the an-a and an-^ isolated and purified contained ^H 
as expected but no '^C (Table 8). This surprising finding was subsequently 
confirmed and 1 7a-hydroxypregnenolone likewise excluded as an intermediate 
[9j. These results strongly suggested that, at least in boar testis, the 16-unsaturated 
C19 steroids are formed from pregnenolone or progesterone by pathways which do 
not involve the formation of 17a-hydroxylated derivatives before side-chain 
cleavage occurs. Indeed, it seems likely that such pathways may be unique in 
the field of steroid biochemistry. Table 8 also indicates the low yields of testoster- 
one and androstenedione relative to those of the 16-unsaturated steroid, an-j3. 
These results are in keeping with analytical results already described (p. 47). 
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Testosterone acetate is now well-known as an intermediate in the microbial 
conversion of progesterone to testosterone [50. 51] although it has recently been 
excluded as an intermediate in mammalian testicular steroidogenesis [52]. When 
the radioactive material was incubated with a boar testis preparation, however, it 
was found to be a very inefficient precursor of 1 6-unsaturaled steroids [6]. Ahmad 
and Gower[6] pointed out the possibility of hydrolysis of the steroid ester to 
testosterone which, at that time, was already known to give rise only to traces of 
16-unsaturated steroids[53]. When a specific esterase inhibitor, phenylmethyl- 
sulphonyl fluoride [54] was included in a similar incubation with testosterone 
acetate [20], only traces of 16-unsaturated steroids were formed and testosterone 
acetate was largely unhydrolysed. A parallel incubation with ^^C-labelled pro- 
gesterone and an identical amount of the esterase inhibitor gave rise to the 
anticipated yields of an-a and an-/3 (Table 9). These experiments thus cleariy 
excluded testosterone acetate as an intermediate in 16-unsaturated C19 steroid 
formation in boar testis. 

Using unlabelled 1 6-dehydroprogesterone with a boar testis preparation 
[6], no 16-unsaturated Cjj, steroids could be detected suggesting that dehydration 
of progesterone did not occur prior to side-chain cleavage. Moreover, when un- 
labelled 5-androsten-3/8-ol was used in an incubation together with radioactive 
pregnenolone [8] no radioactivity was trapped in the 5-androsten-3^-ol isolated 
even though radioactive andien-^ was formed in the expected yield. Taken to- 
gether, these experiments suggested that andien-^ formation occurred from 
pregnenolone by a concerted series of reactions [8]. Fig. 6 summarizes 16-un- 
saturated steroid biosynthesis in boar testis in vitro. 

The conversion of pregnenolone to andien-^ 

In recent years this step, or series of steps, has been studied intensively in 
boar testis homogenates. The enzyme or enzyme-system called 'andien-j8 syn- 
thetase' [55] bringing about this conversion requires NADPH and O2 for full 



Table 9. Investigation of testosterone acetate as a precursor for 16-unsaturated Cis steroids 



16-unsaturated 

Precursor Cjg steroid formed (%) Other products {%) 



Testosterone acetate plus None Testosterone acetate (18-0) 

phenylmethylsuiphcnyl fluoride Testosterone (none) 

5a-Androst-3-one- 1 7;9-yl-acetate (5-0)* 
5 a-Androst-3 a- and 3^-diol- 1 7i3-yl-acetates 
(42-0)* 

Testosterone acetate None Testosterone acetate (17-6) 

Testosterone (7*5) 
Androstenedione (0-38) 

Progesterone plus An-a (2*0) 

phenylmethyl sulphonyl fluoride An-^ (12-0) 

5a-Androstenone (3*0) 



Mince of boar testis were incubated for 2 h as described earlier[9]. The specific esterase inhibitor, 
phenyimethylsulphonyl fluoride [54], was added at a final concentration of 8 x 10"^ M, 
* tentative identification only. 

Yields arc expressed as percentages of radioactivity incubated and arc corrected for analytical 
losses. Reproduced from Refs. [20] and [56] by permission of J. & A. Churchill, Ltd. 
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Fig. 6. Pathways of biosynthesis of 1 6-unsaturated C19 steroids in boar testis in vitro. 
I,NADPH; NAD-; (based on results from Refs. 12. i56)lll,NADH. 

activity, NADH being a rather poor substitute [8, 56]. The 'andien-j8 synthetase' 
activity resides in the microsomal fraction of boar testis [55. 159] and' enzyme 
activity is retained for up to three months if stored at — 20'*C. High yields (corrected 
for analytical losses) of up to 25% of andien-^ have been obtained from pregneno- 
lone in 10minat37°C usingsuchpreparations[55].Therateofformation ofandien-y6 
from pregnenolone is linear up to 10 min and is also proportional to the amount of 
boar testis homogenate protein incubated [56, 57] (Figs. 7 and 8). Gower and 
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Time. 



Fig. 7. Rate of formation of andien-/9 from [4-"C] pregnenolone in boar testis homo- 
genates. For further details see text. Data from Refs. [56] and (57J. 
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Fig. 8. Influence of the amount of boar testis homogenate incubated on the yield of 
andien-jS formed from [4-^*C] pregnenolone. For further details sec text. Data from 

Rcfs. [56] and [57]. 
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Katkov[57] used as standard conditions, 200-400 ^^g homogenate protein in- 
cubated for 10 min at 3TC with 14-'^C] pregnenolone in Tris-HCl buflfer (0-05M, 
pH 7-4) with NADPH (0-4 mM). The radioactive andien-yS formed can then be 
readily isolated by t.Lc. first on Kieselgel G and then on AgNOg-impregnated 
Kieselgel G, analytical losses being estimated by reverse isotope dilution (see 
p. 82, 86). Jn this way a fairly rapid assay for 'andien-jS synthetase' activity in 
various tissues can be performed. The microsomal localisation of the enzyme [55, 
159] this strongly indicates that it is distinct from the 'dehydratase' present in the 
105,000^1,' supernatant of sow ovaries and, to a. lesser extent, in boar testis[48]. 
Moreover, the 'andien-^ synthetase's very NADPH-dependent. 

Although 1 7 a-hydroxy pregnenolone has been excluded as an intermediate 
in this transformation [8] the possibility that dihydroxylated C:^! steroids might 
be implicated was considered recently [55]. 16a,20^-Dihydroxyprogesterone had 
previously been used in a chemical synthesis of 1 6-unsaturated steroids [49] 
(see p. 77) and 20^-dihydropregnenolone was found to give rise to 15-17% 
yields of andien-/3, and the corresponding 20a-isomer only 2-7% compared with 
25% for pregnenolone [55] . 

Short-term kinetic studies using 20jS-dihydropregnenolone as substrate 
suggested that this steroid might be an intermediate in andien-/3 formation from 
pregnenolone and, in keeping with this, the 20jS-isomer was isolated during 
andien-j8 formation [58]. Moreover, the biosynthesis of this 1 6-unsaturated steroid 
was severely inhibited (approximately 90%) if the boar testis preparation was 
incubated first with 20^-dihydropregnenolone before the usual incubation with 
pregnenolone took place. On the basis of these findings and a postulated free- 
radical mechanism for 1 6-unsaturated steroid biosynthesis [59], a reaction mecha- 
nism has been suggested [58] (Fig. 9), Using deoxycorticosterone (DOC) with 
boar testis preparations, Lippman and Lieberman [59] showed that a very small 
yield (0 046%) of androstadienone was obtained. This is very similar to the yields 
of this compound from progesterone [6] and it is conceivable that the 21 -hydroxyl- 
ase present in boar testis may bring about the conversion of progesterpne to DOC 
and that this then forms androstadienone by a free-radical mechanism [59] (Fig, 
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Fig. 9. Postulated free-radical mechanism for the formation of 16-unsaturated Cj^ 
steroids in boar testis showing the possible involvement of a ZOjS-dih'ydro-Csi steroid 

(from Rcf,58). 
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Fig. 10. Postulated free-radical mechanism for the formation of 16-un saturated Ci^ 
steroids from deoxycorticosterone. Redrawn from Ref.[59] by permission of National 
Academy of Sciences, New York. 

10). The evidence for the existence of such a sequence of reactions is based on the 
fact that andostadienone can be synthesized from DOC by free-radical generating 
reagents, such as lead tetra-acetate (see p. 77). There is a somewhat analogous 
situation in that, when 20a-hydroxycholesterol-3-acetate is treated with this 
reagent, pregnenolone is formed in good yield [60]. 

Following the finding of 16-unsaturated steroids in porcine submaxillary 
glands and in saliva, the biosynthesis of this group of steroids was studied in vitro 
[7,57]. [4-^^]Pregnenolone was converted to 3-3% of labelled andien-j3 (Table 
10) whereas no such conversion was demonstrated in a similar preparation of 
submaxillary gland taken from a hog [7, 57]. This strongly suggests that this gland 
in the pig is under the influence of the testis. Booth [61] considers that the sub- 
maxillary gland is a secondary sex organ in the boar, since he has isolated both 
testosterone and 5a-dihydrotestosterone from this organ, but there is no evidence 
at present for the actual biosynthesis of these compounds at this site. 
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Compared with the testes, the adrenal cortex in the boar is an inefficient 
producer of 16-unsaturated steroids. An-a, an-^ and androstadienone were 
formed from pregnenolone and from progesterone in vitro but only in very small 
quantities [6, 9] (see Table 10). 

It has been shown that boar **sex odour" is reduced if the preputial gland is 
removed surgically [62]. Since there is a high bacterial content in this gland [63] 
it was considered possible for 16-unsaturated steroids to be formed either by 
microbial transformation or in the preputial tissue itself. However, it is now clear 
that the boar preputial gland is histologically similar to keratinizing epithelium 
with no evidence of steroid secreting cells [20] (Fig. 1 1). Moreover, when portions 
of the minced tissue and preputial fluid were incubated with [4-^-'C] pregnenolone 
no ^**C-labelled 16-unsaturated steroids were formed [20]. These findings are in 
agreement with those of Patterson who found only traces of 5a-androstenone in 
boar preputial fluid and considers that this odour is due to phenols, notably 
p-cresol [64], and long-chain fatty acids [65]. 

Biosynthesis of 16-unsaturated steroids in porcine testis in vivo 

When boar testes were infused in situ with radioisotopic pregnenolone[101] 
the testicular venous blood contained labelled 5a-androstenone, an-a and an-/3 in 
the ether-extractable fraction. Labelled an-a and an-/3 were also found in the sul- 
phate fraction but no 16-unsaturated steroids were found conjugated as glucosi- 
duronates, although the urine, collected during the testicular infusion, did contain 
radioactive an-;8 glucuronoside. Moreover, analysis of the infused testis revealed 
the presence of labelled 5a-androstenone, an-a and an-/3 as free steroids. These 
results, which are in excellent agreement with earlier work [5], on the occurrence 
of 16-unsaturated steroids in boar spermatic venous plasma and urine, clearly 
demonstrate the ability of the boar testis to synthesize these compounds. 

4. BIOSYNTHESIS OF 16-UNSATURATED STEROIDS IN VIVO 

Following the in vitro experiments of Dorfman and his colleagues [37. 38], 
testosterone was at first considered to be the precursor of androstadienone and 
an-a. A number of workers attempted to show that C39 steroids gave rise to 16- 
unsaturated steroids in vivo but without success. Testosterone and DHA[26. 66, 
67] and epitestosterone[68] were all excluded as precursors of an-a and other 
16-unsaturated steroids. Likewise, 16o:-hydroxyprogesterone[69] did not serve 
as a precursor in human subjects in vivo. However, when [la-^U] pregnenolone 
and [4-^^C]cholesterol were administered to a woman with a virilizing adrenal 
adenoma [70], the urinary an-a did contain very small amounts of both -^H and 

Recently Brooksbank and Wilson [35] have studied in detail the metabolism of 
a mixture of [7a-^H] pregnenolone and [4-^^C]progesterone and a mixture of 
[7a-»H] 4-androstene-3,I7-dione and [4-^^C]progesterone administered intra- 
venously to two men. In the first experiment, the value of the cumulative specific 
activity of the urinary ^H-andien-^ was suflFiciently high to indicate that this com- 
pound was being derived from the circulating pregnenolone. The percentage 
conversion of all three precursors into urinarj^ an-a, however, was only 0-026- 
0*16%, indicating that this was not formed from circulating C21 or C19 steroids but 
was produced in a compartment in which these steroids did not come into rapid 
equilibrium from the general circulation. 
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Fig. 1 1 . Photomicrograph of a section (6/i thick) of boar preputial gland. The section 
was fixed in 4% formaldehyde, embedded and stained with haematoxylin and eosin. 
. Magnification 75 x 50. Reproduced from Ref. [20] by permission of J. ^ A. Churchill 

Ltd. 




Fig. 19. T.I.C. of 16-unsaturated steroids on Kieselgel G. Lane 1, androstadienonc; 2a, 
oestratetraenol; 2b, andien-j9; 3, an-a; 4, mixture of 1, 2, 3. 5, 6 and 7; 5, an-j8; 6a, 
5a-androstenone; 7, 4,16-androstadien-3;3-ol. The plate was run twice in benzene-ether 

<9:l,v/v). 

{Facing page 64) 
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In keeping with these experiments showing that urinate an-a was not derived 
from circulating progesterone [35], urinary an-a did not increase during the preg- 
nancies of two women although pregnanediol excretion increased as anticipated 
(Brooksbank and Gower, unpublished observations). 

Possible sites of formation of 1 ^-unsaturated steroids in humans 

There is some evidence that andien-^ is formed from pregnenolone in human 
testis in vitro [71] (see p. 69), although little or no an-a or ae-a was biosynthesized 
from this C21 steroid. Androstadienone, however, which may be the precursor of 
an-a and ae-a, is formed in sizeable quantities in the same incubations (Table 13). 

Further experiments by Bicknell and Gower [71] indicated the testis as a 
source of an-a, ae-a and andien-^, or their immediate precursors, since removal 
of the testis resulted in a decrease in the urinary levels" of these compounds 
(seep. 69). 

As urinary an-a excretion is stimulated by administration of ACTH[24] it is 
conceivable that androstadienone, an-a and andien-j8 may be secreted by the 
human adrenals. Hitherto, only diseased adrenals have been studied in vitro and 
these produced no an-a from pregnenolone: androstadienone and especially 
andien-j3 were, however, biosynthesized in appreciable yields [25, 31] (Table 14). 

Evidently the ovary of the sow has the ability to form androstadienone in 
i/rro[48] (p. 59), but nb direct evidence for the secretion of 16-unsaturated C19 
steroids has yet been reported. Thus the origin of the major 16-unsaturated urinary 
steroid, an-a, still remains a mystery and further work is urgently needed to clarify 
the situation (see also Section 6). 

5. OCCURRENCE AND BIOSYNTHESIS OF 16-UNSATURATED STEROIDS IN 

ENDOCRINE DISORDERS 

Urinary an-a excretion has been measured in a num.ber of women with simple 
hirsutism or with some abnormality of the endocrine glands. Early reports dealt 
with the isolation of an-a from the urine of women with adrenal tumours [73], 
adrenal hyperplasia [74] and luteoma of the ovary [75] but, since the authors made 
no attempts to estimate analytical losses, it is difficult to obtain accurate data for 
the urinary an-a. It seems likely, however, that there was a raised excretion of 
this compound in these patients. The more recent report of a woman with a viriliz- 
ing adrenal adenoma[70] has already been mentioned (p. 64). In this case the 
urinary excretion of an-a and 17-oxosteroids was grossly elevated (Table 1 1). 

In more recent work, urinary an-a, ae-a and andien-)8 have been measured, 
using a g.l.c. method [23] in a woman and a female infant with virilizing adreno- 
cortical carcinomata[25. 31]. In both patients urinar>' an-a was grossly elevated, 
compared with that of normal subjects of the same age; as were the urinary ae-a, 
andien-^, 17-oxosteroids and testosterone (Table 1 1). But although there appear- 
ed to be a . positive correlation in these patients between urinary 16-unsaturated 
steroids and androgens, no clear correlation emerged in a group of patients with 
simple hirsutism [23] (see Table 6). 

Urinary an-a, ae-a and andien-^ have also been measured in some testicular 
feminization (TF) patients [71]. Only in some individuals were the values raised 
while in others, normal amounts (for women of the same age) were being excreted 
(Table 12). In two patients (R.F. and S.D.) urinary an-a. ae-a and andien-^ 
decreased after removal of the testes, indicating that these compounds or their 
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Table 12. Urinary excretion of 16-unsaturated C19 steroids {/xg/g creatinine) in testicular 



feminization 


Patient 


an-a 


ae-a 


andien-j3 


L.R. (pre-operativeiy) 


209 (130-360)'* 


6-9 (3 0-10-4)* 


29-0 ()2-5-46-0)* 


R.F. (pre-operalivciy) 


1280 


i 1*7 


59-0 


R.F. (post-opcratively) 


463 


6-3 


21-0 


S.D. (pre-operatively) 


63 J 


1-83 


9*7 


S.D. (post-operatively 








two days) 


525 


0*52 


2-5 


S.D. (post-operatively 








seven days) 


146 


00 




F.N.*i (pre-operativeiy) 


339 


5-7 


25-0 


Normal values 


230-420t 


4-8$ 


- 20-71 



* Mean and range of several estimations. 

tMale pseudohermaphrodite with histologically normal testes. 

iProm Rcf. [23] ; data from Refs. [71] and [106J. 



immediate precursor(s) had their origin in these glands. The fact that administra- 
tion of HCG to another TF patient resulted in 2-4 fold increases in 16- 
unsaturated steroid excretion[71] (Figs. 12, 13) gave further support to this 
suggestion; normally the HCG effect occurs only in men. Administration of 
ACTH also caused an increase in urinary an-a in normal men and women [22, 24] 
as well as in an-a, ae-ot and andien-/3 in TF syndrome (Figs. 12, 13) thus suggest- 
ing an adrenal origin for these compounds [71]. 

Bicknell and Gower[71], however, were unable to show the formation of more 
than traces of an-a and ae-a from pregnenolone or progesterone when testis 
minces from TF patients were incubated in vitro (see Table 13); andien-^ was 
formed from pregnenolone in yields of i-8% but, in contrast to porcine testis 
(Ref. 6, Table 8), approximately six times as much androstadienone was formed 
from progesterone than from pregnenolone. This finding in testis tissue from three 
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Fig. 12. Effect of ACTH and HCG administration on urinary an-a in a woman (L.R.) 
with testicular feminization (from Refs. 7 1 and 106). 



Material may be protected by copyright law (Title 17, U.S. Code) 



D. B. GOWER 



c 
o 
o 
c: 
o 
c 



c 

2 

I 

e 



o 
c 

o 

1 



o 

V 



\0 
O 



6 



"3 

P 



C 

so 

O 

i3 



o 



3 

4> 



•5 g -5 2 



o o £= c: 



„ _ 

- o .o -2 •= 



<si := r= 



(N OG — 

o o o 

V 



rn op r>» 5^ 
— c: «N o i; 



§S§5g|5§§ 



^ " CJ (/) 

a- CL a. a. a. a. H a. a. 



05 -» 



Q 

CO 



Z 
u.' 



4> 

O 

£ 

u 
O 



T3 
O 



a 

cd 

e 



o 

t3 



cl C 

1 = 



NO 

o 

c 

o 5 



< A 



Fig. i: 

TF patiem 
normal tes 
was forme' 
formed fro 
if any, of t! 
determinec 
from pregn 
Some ( 
steroids in 
metabolise 
or DHA G 
experimeni 
Only tv 
human ovj 
nenolone [7 
subjected ' 
this materi 
identificatit 
using polyc 



J 

N 



Material may be protected by copyright law (Title M, U.S. Code) 



1 6- Unsaturated C,b steroids 



71 



100 



o 
a. 



50 



< 
■o 

c 

CQ 
< 



HCG 



□ Andien-^ 
MAe-a 



ACTH 
(18-2 



!0 





20 



30 



40 



i 



50 



Dcys 



Fig. 1 3. Effect of ACTH and HCG administration on urinary ae-a and andien-^ in a 
woman (L.R.) with testicular feminization (from Refs. 71 and 106). 

TF patients [71] also contrasts directly with results obtained using histologically 
normal testis from .a male pseudohermaphrodite [71], In this case andien-jS (4%) 
was formed from pregnenolone but considerably more androstadienone (2%) was 
formed from this precursor than from progesterone (Table 13). The significance, 
if any, of these differences in 1 6*unsaturated C^y steroid biosynthesis has yet to be 
determined. Tentative evidence for the formation of andien-^ and androstadienone 
from pregnenolone in TF tissue has been presented in earlier work [76]. 

Some evidence has been obtained from the biosynthesis of 1 6-unsaturated 
steroids in human adrenal carcinoma tissue; pregnenolone and progesterone were 
metabolised to andien-j3 and androstadienone but steroids such as testosterone 
or DHA did not serve as precursors [25. 31] (Table 14) thus confirming earlier 
experiments performed with porcine testis [6]. 

Only two reports have so far appeared concerning 1 6-unsaturated steroids in 
human ovarian tissue. After incubating human follicles with radioactive preg- 
nenolone [76], fast-running metabolites were noted when the tissue extract was 
subjected to paper chromatography. Subsequent thin-layer chromatography of 
this material, using 1 6-unsaturated steroids as markers, resulted in the tentative 
identification of andien-jS and androstadienone. Similar results have been obtained 
using polycystic ovarian tissue with labelled pregnenolone [77]. 

Table 14. Yields (as percentage of radioactivity incorporated/g wet wt. of tissue) 
of 1 6-unsaturated C,9 steroids formed in minces of adrenal carcinoma 

Precursor andien-j8 androstadienone an-a an-^ Reference 



Pregnenolone 
Pregnenolone 
Progesterone 
Progesterone 
Testosterone 
DHA 



0-2 

4-7 

N.D. 

0-15 

N.D. 

N.D. 



N.D. 
N.D. 
<0-03 
N.D. 
N.D. 
N.D, 



N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 



N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 



[31] 
[25] 
[31] 
[25] 



N.D. not detected. 
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6. FURTHER METABOLISM OF i6-UNSATURATED C,, STEROIDS 

(a) In vitro. The metabolism of ^^C-labelled andien-^. prepared biosyntheti- 
cally from K-^^'CJpregnenolone in a boar testis homogenate[8], has been studied. 
Andien-^ is converted in high yield (31%) to androstadienone when incubated 
with boar testis homogenateand NAD*^ (0-4 mM)but if both NADPH and NAD+ 
are added as cofactors, there is a relatively small yield (4%) of an-^. Recently, 
5a-androstenone, labelled with tritium, was shown to be converted to an-a (and 
an-^) in preparations of porcine parotid gland f4]. Such evidence is in keeping 
with the relatively large amounts of, particularly, an-a that have been isolated 
from this source in pigs (see Table 1), and explains the fact that the alcohol occurs 
in larger quantities than the ketone [3. 4, 17]. 

(b) In vivo. When isotopically-labelled androstadienone became available 
through a chemical synthesis and purification [78], its metabolism was studied [30. 
33] after intravenous administration to two healthy men and one healthy woman 
(in the follicular phase). The disappearance curves for the purified plasma andros- 
tadienone approximated to those of a two-pool distribution [33] and the estimated 
plasma production rates (PPR) (/xg/24 h) were 975 and 1341 in the two men and 
456 in the woman. The calculated urinary production rates (UPR) (/xg/24 h) of the 
androstadienone in the men, calculated from the cumulative specific activity of the 
urinary radioactive an-a were, however, very much higher than the corresponding 
PPR's and indicate that the urinary an-a does not arise entirely from the circul- 
ating androstadienone in men; in the woman the discrepancy between estimated 
PPR and UPR was very much less. Subsequent investigations of urinary 16-un- 
saturated steroids after intravenous administration of [^'*C]-androstadienone to a 
man and a woman [30] indicated that 95% of the ^''C was in the glucuronoside and 
only 5% in the sulphate fraction. An-a accounted for 79% (in the^man) and 5 1 % (in 
the woman) of the radioactivity of the glucuronoside fraction while some activity 
was found in ae-a and also in an-/3, a compound not previously detected in human 
urine [29] although present in boar urine [5J. 

Further analyses [30] of the urines obtained have revealed the presence of 
polar metabolites including C19O3 compounds that are neither phenolic nor acidic 
and that behave like androstanetriols chromatographically (B. W. L. Brooksbank, 
personal communication). These metabolites were formed to a much greater 
extent in the woman than in the man [30], Such a metabolic route would be similar 
to that for oestratetraenol which is known to give rise to a 16,17-glycoI[72] (see 
p. 73). If polar metabolites are also formed from an-a, this might explain the very 
low recoveries (1-5-1 1%) of this steroid in urine after an-a was administered to 
two men [24]. Moreover, the extra an-a did not appear in the urine until the second 
day after the injection. Such findings are in keeping with a fairiy extensive meta- 
bolism of an-a rather than this being an end-product of metabolism of other 
steroids. 

7. BIOSYNTHESIS AND FURTHER METABOLISM OF OESTRATETRAENOL 
The CjB steroid oestratetraenol has weak oestrogenic activity (see p. 97) and 
is implicated in oestrogen metabolism. As mentioned eariier (p. 56) it occurs in 
human pregnancy urine [36]. Knuppen and Breuer[79] were the first to show that 
testosterone could be converted to androstadienone in a human placental micro- 
somal preparation and that this compound was further metabolised to the phenolic 
16-unsaturated steroid, oestratetraenol. When the latter was administered to 



Material may be protected by copyright lav\/ (Title 17, U.S. Code) 



human si 
noticed [i 
cerned m 
may be v 
opening t 



Fig. 
tetra 



Many 
reviewed 

In ea 
hydroxy- 
distillatio 
reductior 



Using th 
hexahydi 
(yield 2^ 
group [8< 
could be 



JSBVoi.3No. 



16-Un5aturated Ct» steroids 



73 



WIDS 
I biosyntheti- 
been studied, 
en incubated 
HandNAD+ 
-j3. Recently, 
to an-a (and 
is in keeping 
been isolated 
Icohol occurs 

me available 
-s studied [30, 
althy woman 
as ma andros- 
the estimated 
two men and 
g/24 h) of the 
ictivity of the 
orresponding 
. *m the circul- 
■en estimated 
rinary 16-un- 
idienone to a 
ronoside and 
) and 51% (in 
iome activity 
led in human 

presence of 
lie nor acidic 
Brooksbank, 
nuch greater 
Jld be similar 
ycoI[72] (see 
>lain the very 
Tiinistered to 
til the second 
:ensive meta- 
ism of other 



£TRAENOL 
tt p. 97) and 
) it occurs in 
to show that 
cental micro- 
' the phenolic 
ainistered to 



human subjects intravenously, an increase in the urinary ''oestriol" fraction was 
noticed [80] and a more detailed investigation showed that the oestrogen con- 
cerned was 16-epioestriol[81]. The conversion of oestratelraenol to epioestriol 
may be via the 16,17-epoxide as an intermediate, the epoxide ring subsequently 
opening to form the 16^,17)3-glycol[72] (Fig, 14). 
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Fig. 14. Biosynthesis and metabolism of oestratetraenol. I, androstadienone; II, oestra- 
tetraenoi; III, 16aJ7a-epoxyDestnitrien-3-ol; IV, oestriol; V, 16^,17j3-epoxyoestra- 

trien-3-ol: VI, epioestriol. 

8. CHEMICAL SYNTHESIS OF 16-UNSATURATED STEROIDS 

Many of the methods for the synthesis of this group of compounds have been 
reviewed recently [78]. 

In early experiments [82] it was shown that the hexahydrobenzoate of 17^- 
hydroxy-5a-androstan-3-one (I) could be converted to 5a-androstenone by dry- 
distillation at SOO'^C and that a mixture of an-a and an-jS was formed from this by 
reduction: 



OOCCbH: 




HO 



HO 




Using the same method of dry-distillation, Fajkos[83] obtained an oil from the 
hexahydrobenzoate of I which, after saponification, resulted in 5a-androstenone 
(yield 28%); LiAlH4 reduction then afforded an-jS in 78% yield. The Prelog 
group [84] also showed that the benzoate of 17)8-hydroxy-5)3-androstan-3-one 
could be converted by dry-distillation to 5^-androstenone, the. latter being reduced 
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subsequently to a mixture of ae-o and 5/8-androst-16-en-3/3-ol. Epitestosterone 
benzoate, under the same conditions, was converted to androstadienone[84]. The 
dehydration of 1 7;8-xanthates [85] and of 1 7)8-p-toluene sulphonates (tosylates) 
(cited m Ref. 37) also results in the formation of 1 6-unsaturated steroids. 

Androstadienone is formed in another reaction involving testosterone in which 
the latter, in pyridine solution, is treated with bromoacetamide[86]. Sulphur 
dioxide gas is then added until no further reaction to starch-iodide paper is obtained. 
Extraction and purification is said to yield androstadienone, although later 
workers [78] were unable to confirm this. In 1962 a study was published [87] of the 
use of aprotic solvents for nucleophilic substitution at C-3 and C-17 since, under 
these conditions, structural rearrangements through migration of the C-18 methyl 
group are inhibited. Thus, when testosterone tosylate was subjected to high 
temperature acetolysis in N-methyl pyrrolidone with tetra-butyl ammonium ace- 
tate at m'C, the products were androstadienone (57%) and 17a-testosterone 
acetate (34%). The proportions of these products, however, vary when the 
reaction is scaled down (see below). 

Caglioti and Magi [88] investigated the behaviour of tosylhydrazones of 17- 
oxosteroids when treated with LiAlH, in tetrahydrofuran (overnight refluxing). 
Under these conditions the tosylhydrazone of 3^acetoxy-5a-androstan- 1 7-one 
was converted to an-;8 in 70% yield: 



A foi 
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acid fron 
hydrin w 
androstac 
3/3-hydro 



CH3COO 



N-NHTs 





CH,COO 



The same denvatives, dissolved in dry ether, also form the corresponding 
olefins when treated with greater than two equivalents of alkyl lithium compounds 
at room temperature [89]. The reaction proceeds smoothly even at-20°C and this 
fact could be particularly useful for volatile or sensitive olefins. A carbanion inter- 
mediate is proposed as follows: 
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A four-step synthesis of 16-unsaturated steroids has been reported [90] 
that involves the synthesis of 3j8-hydroxy-5,16-androstadien-17^-carboxylic 
acid from DHA acetate [91], This was subsequently converted to the cyano- 
hydrin which, on heating with POCI3 in pyridine, resulted in 17^-cyano-5,16- 
androstadien-3j8-yl-acetate (m.p. 210*^). Vigorous alkaline hydrolysis afforded 
3j8-hydroxy-5, 1 6-androstadien- 1 7^-carboxylic acid : — 



The unsaturated acid was subsequently refluxed in quinoline in the presence of 
activated copper chromite as catalyst when andien-/3 was formed. A similar series 
of reactions was employed later [21] for the synthesis of an-a starting with andro- 
sterone acetate. After 17-cyanohydrin formation, dehydration at C-17 was 
achieved by heating with POCI3 under pressure to give I7^-cyano-5a-androst- 
]6-en-3a-yl-acetate in 58% yield. Vigorous alkaline hydrolysis under pressure 
at 180-185° for 5h resulted in 3a-hydroxy-16-aetioenic acid (79-6% yield). 
The final step involved decarboxylation in boiling quinoline in the presence of 
copper chromite [cf. 90] and the crude an-a so obtained was purified by sub- 
limation, the overall yield being approximately 20% without recycling of inter- 
mediates. 

The synthesis of andien-^ has recently been described [59] using the methods 
outlined above[90, 91] except that hydrolysis of the 17-cyano-3-acetoxy-5,16- 
androstadien-3j3-yl-acetate was achieved by refluxing in glycerol in the presence 
ofKOHat 175°for20h[92]. 

The synthesis of the hydrocarbon, 16-androstene, has been described by 
Shoppee and his collaborators [93] who used androstan- 1 7-one as starting material. 
Bromination in acetic acid at \5^C resulted in 16Q:-bromo androstan- 1 7-one and 
this, on reduction, gave either the 16a-bromo-17a-hydrin (NaBH4 in methanol al 
20*'C) or the 16a-bromo-17)3-hydrin (LiAlH4 in ether at O^C). A third epimeric 
bromohydrin was formed by dibromination of androstan- 1 7-one with bromine in 
ether-acetic acid solution at 36'*C, followed by reduction (NaBH4 in methanol at 
15°C) giving the 16jS-bromo-17^-hydrin: 
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-Br 




—Br 



OH 




—Br 






All three epimeric bromohydrins could be converted to 1 6-androstene by brief 
treatment with zinc in acetic acid. 

A three-step synthesis of andien-^, also involving a 1 7-oxosteroid as starting 
material, was described in 1 962 [94]. DHA acetate, with hydrazine and triethyl- 
amine as catalyst, gave the hydrazone. Oxidation was then achieved using 
iodine in triethylamine-tetrahydrofuran, resulting in the vinyl iodide. Finally, 
reduction with sodium and ethanol afforded andien-^: 



N-NH, 



CH3COO 




HO 

17-iodo-5, 1 6-androstadicn-3^-ol 



HO 




andien-;3 



Using another 1 7-oxosteroid, epiandrosterone, as starting material, the 
corresponding 16-unsaturated steroid (an-)3) has been obtained by a hydrobora- 
tion method [95]. The 3j8-acetate of epiandrosterone was converted to 17,17- 
diethoxy-5a-androstan-3j8.yl-acetate(I) by treatment with ethyl formate in the 
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presence of one drop of concentrated sulphuric acid. On heating compound 1 
under Ng, 3j8-acetoxy-17-ethoxy-5a-androst-16-en-3j8-yt-acetate was formed and 
this was converted to an-^ on treatment with diborane, followed by refluxing with 
acetic anhydride. 

Recently [49] a detailed study has been made of the heterolytic fragmentation 
of pregnane- 16,20-diols and their mesylates, tosylates and sulphates. For example, 
the tosylate of 16a-hydroxyprogesterone was reduced with NaBH4 to 3^,16a, 
20j8-trihydroxy-4-pregnene-16-tosylate. On refluxing with potassium t-butoxide 
in t-butanol, 4, 16-androstadien-3y3-ol was formed in 29% yield: 



The same 16-unsaturated steroid was formed, together with other products, 
starting with the mesylate of 1 6a-hydroxyprogesterone. In further experiments 
[49] it was shown that, when the 16-mesylates of 3j8,16j8,20j3-trihydroxy-5a- 
pregnan-3i3-acetate and 3^, 1 6a,20a-trihydroxy-5a-pregnan-3^-acetate were 
subjected separately to refluxing with potassium t-butoxide (as described above), 
among the products were small quantities of an-a (< 1%) (from the 20^-epimer) 
and an-^ (2%). 

In a recent paper, Lippman and Lieberman[59] have described the synthesis 
of androstadienone from deoxycorticosterone (DOC) using the free-radical 
generating reagent, lead tetra-acetate. Some 4-androsten-3-one was also formed in 
the reaction. Androstadienone was also formed from DOC using a variety of 
other hydrogen-abstracting reagents, such as cumene- and t-butyl-hydroperoxides, 
phenyl azotriphenylmethane, or by photolysis of the C-21 nitrite that was pre- 
pared from DOC using NOCl. The implication of this reaction in the biosynthesis 
of androstadienone and the possible mechanism are discussed in Section 3, 
page 62. 

Chemical synthesis of oestratetraenol 

This phenolic 16-unsaturated steroid can be obtained by three of the methods 
described above: 

(i) Dry-distillation of 17)8-oestradiol dibenzoate at 300-3 10°C under water- 
pump vacuum resuhs in oestratetraenol 3-benzoate[96]. The 16-unsaturated 
phenol (m.p. 127-129"*) can readily be obtained from the benzoate and is almost 
odourless but has a slight musky smell when warmed. 

(ii) Huffman and co-workers [97] selectively benzoylated oestradiol-3,16)3 to 
give the 3-benzoate. On refluxing the C-16 tosylate in collidine, oestratetraenol 
3-benzoate was formed in 44% yield. These workers discovered that oestra- 
tetraenol passes preferentially into the organic phase when partitioned between 
benzene and 0*1 N NaOH and this property has proved especially useful in the 
purification of oestratetraenol from uncleaved diol. 
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■.^''t -^L"" J"^ ^^"^ tosylhydrazone of oestrone 3-methyl ether overnight 
^^^'■^.hyf o^'^"' 3-methoxy oestratetraenoJ was formed in 
60-70% yield [88]. A particular feature of this reaction is that no migration of the 
C-18 methyl group occurs under the conditions used. 

Preparation of radioactive \6-unsaturated steroids 

Recently some of the available methods for the synthesis of androstadienone 
were surveyed [78] since this steroid was required by the authors to be labelled 
with C and with tritium. The high temperature acetolysis method from testo- 
sterone [87] appeared to be suitable but, on scaling-down the quantities of re- 
agents ma pilot experiment, it was found that the yield of androstadienone was 
TV^^°^ ^^"^ carefully controlled conditions instead of 57% quoted in 
Ket. [87 The crystals obtained slowly underwent decomposition and three more 
recrystallizations were required to give a product that did not subsequently de- 
compose (overall yield approximately 6%). Further problems arose when '"C- 
abe ed and «H-labelled testosterone were used as starting materials, in that the 
labelled androstadienone obtained was heavily contaminated with at least three 
impurities that may have been ring D isomers of androstadienone. The latter was 
purified using column chromatography on AgNO.,-impregnated silicic acid (Fig 
15) and then on alumina (see p. 79) giving a yield of approximately 6% for the 
pure compound. 

Synthesis of \ 6-unsaturaled steroid conjugates 

The sulphates of this series of compounds do not seem to have been prepared 
Xloyed" 9^/00?^ available methods for other steroid sulphates could be 

The glucuronoside of an-a has been synthesized [21] by treating an-a. dissolved 
in benzene and m presence of A&COa, with methyl a-bromotri-O-acetyl -lucur- 
onate dropwise over a period of 1 -5 h during which time the benzene wa's con- 
tinuously distilled. On filtering and evaporating, methyl (androst-16-en-3a-yl-2-3- 
4-tri-0-acetyl-/3-D-glucopyranosid)uronate was obtained in 27% yield By 
treating with Ba(OH), foUowed by precipitation of BaSO^ with H,SO„ androst- 
16-en-3a-yl-^-glucosiduronic acid was obtained in 56% yield. This conjugate was 
employed[21] to estimate losses during the hydrolysis of an-a glucuronoside from 
Human unne. 

9. CHROMATOGRAPHIC SEPARATION OF le-UNSATUR.-VTED C„ STEROIDS 

(a) Column chromatography. Because of the extremely low polarity of this 
group of steroids, alumina chromatography has been utilised to great advantage 
m their isolation provided that low polarity solvents are used for elution Thus 
early workers in this field were able to separate 16-unsaturated steroids from more 
polar compounds such as DHA and testosterone (e.g. Ref. [I]). Using a single 
eluting solvent mixture, benzene-light petroleum (1:1. v/v), Brooksbank and his 
coUeagues[21], were able to elute an-a from urine extracts and the column frac- 
tions so obtained were sufficiently 'clean' for colorimetric or g.l.c. estimation to 
be earned out [2 1. 23. 29]. Even for the estimation of the minor urinary 16-un- 
saturated steroids, ae-a and andien-A the eluted fractions were suitable for 
quantitative analysis by g.l.c. without the need for a prior t.l.c. step [23] Usina 
alumina, partially de-activated with water (4-5%. v/w). Brooksbank and Gower 
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F.g 15. Punhcation of synthetic t7a-'HJandrostadienone[78] by column chromato- 
graphy on (a) AgNOa-impregnated silicic acid and (b) A\,0„ partiaUy deactivated with 
water (4-5%. v/w)[9]. The weight (^g) of carrier andostradienone (•) was determined by 
g.I.c and radioactivity (C) by liquid scintillation counting. A. specific radioactivity 
(cpm//xgX10-'). (a) from Gower (unpublished) and (b) redrawn from Ref. [78] by 
permission. Counting efficiency 41%. 
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and their colleagues have shown the following approximate pattern of elution 
with benzene-light petroleum (1:1, v/v): 30-90 ml contains an-a and andro- 
stadicnone; 90-110 ml contains ae-a; 110-175 ml contains andien-j8 and an-j3. 
More polar compounds, such as androsterone, DHA and testosterone, can then 
be eluted from the same column using benzene containing varying proportions of 
ethanol (Table 15), This technique has been utilised for the separation of 16- 
unsaturated steroids and 1 7-oxosteroids in urine extracts [5, 23, 25, 31], Similar 
columns have been used extensively by Gower and his colleagues [6. 9, 41-43, 551 
in the separation of labelled 16-unsaturated steroids formed in incubations of 
tissues from various species (Fig. 16). The specific activity of the very non-polar 
compound 5a-androstenone (labelled with ^^C) was determined using an alumina 
column and benzene-light petroleum (1:9, v/v) as eluent[12]. This very non- 
polar solvent mixture has been utilised recently[101] to separate fat from 16- 
unsaturated steroids in extracts obtained from boar testis and testicular vein 
plasma. Using partially deactivated alumina, fat was eluted first with benzene- 
light petroleum (1 :9, v/v) followed by 5a-androstenone. An-a and an-^ could be 
eluted next by increasing the percentage of benzene in the eluent mixture to 
50% (as above). In this way, evidence has been obtained for the presence in boar 
testicular vein plasma of radioactive an-a, an-/3 and 5a-androstenone biosyn- 
thesized in vivo through a testicular infusion of isotopically-labelled pregnenol- 
one [101], These preliminary findings are in' accord with the analytical and in 
vitro results already described (Sections 2 and 3). 

Column chromatography on silicic acid has also been employed for the 
separation of mixtures of fat and 16-unsaturated steroids, extracted from porcine 
peripheral plasma, testes and salivary glands [4], Fat was eluted first using cyclo- 
hexane followed by 5a-androstenone using more polar solvents (Fig. 17). An-a 
and an-/? could be eluted from similar columns with mixtures of cyclohexane and 
ethyl acetate. It has not been possible to separate andien-jS and an-/3 by alumina 
column chromatography even though gradient elution has been attempted (Gower, 



Table 15. Elution of 16-unsaturated C19 steroids from alumina* 


Steroids eluted 


Eluent 


Volume of eluent (ml)^ 


5a-androstenone 


benzene-light petroleumt 


50-100 




(1:9 v/v) 




androstadicnone] 


benzene-light petroleum 


30-90 


an-a j 


(1:1 v/v) 




ae-a 


benzene-light petroleum 


90-110 


andien-j8 ) 


(1 : 1 v/v) 




benzene-iighl petroleum 


110-175 


an-/3,choiesteroIJ 


(1:1 v/v) 




progesterone, androstenedione,] 


benzene containing 


50 


androsterone. pregnenolone J 


ethanol (0-2% v/v) 




pregnenolone, testosterone.] 


benzene containing 




aeliocholanoIone»DHA J 


ethanol (0-5% v/v) 


50 



"Alumina (type H, 100-200 mesh; Peter Spence and Co. Ltd., Widnes. Lanes.) was partially 
deactivated by the addition of water (4-5% v/w). 5g was used in these experiments. 
tLight petroleum (b.p. SO-IOO^'C) was treated with cone. H^SO,, washed and dried [9]. 
I Volumes given can only be approximate due to dilTerences between batches of alumina. 
Data compiled from Refs. 19J, (211 and [44]. 
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Fig. 16. Alumina-column chromatography, with light petroleum - benzene (1 • 1 v/v) as 
eluem of an-a (I) and an-^ (II) obtained after incubation of t4--C] progesterone with 
mmced boar tes.s tissue. The weight of steroid (O) was determined by /,,c. and radii 
activity (d) by hquid scintillation counting; A, specific radioactivity (counts/min/^g) 
Redrawn from Ref. [6] by permission of The BiochemicaUoumaL 
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Fig. 17. Separation by silicic acid column chromatography of fat (01 from ^H-labeUcd 
foUowmg solvent mixtures (5 ml fractions): -cyclohexane (70 ml); light petroleum^ 

iVx7.^]l'.' T "^'^ "8"' PetroleuntetSyl ace'te 

( 1 . 1 . v/v)) (1 0 ml) and ethyl acetate (15 ml). Redrawn from Rcf. [4] by permission. 

unpublished), but this pair of compounds can be resolved if a column of silicic acid 
.mpregna ed with silver nitrate is used[8, 25]. An-/3 can be eluted using benzene- 
ethyl acetate (2:1, v/v) but the more unsaturated andien-;8 is avidly retained by 
flie column and can only be eluted using benzene-ethyl acetate-ethanol (40 • 20 ■ 1 
fnr^^J f .VTf'r ^^"^ that labelled andien-)3 was 

W?25nJ,^;«f r!? t- 77^T ^" ^uman adrenal carcinoma 

tissue[25]. human testis[7]] and porcine testisfS] (Fig. 18). A positive pressure 
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Benzene-ethyl acetate_*^Benzene.ethyl acetate-ethanol (40:20: 1 by vol.) 
(2 : 1 v/v) Volume of eluting solvents, ml 

Fig^ 18. Purification of radioactive andien-;S formed by incubating r4->*Cl prcEncnolone 
With adrenocortical carcinoma tissue. Radioactive andien-fi warisoiafeTSv 1 1 c 
earner an-^ (I) and andien-^ (11) added, and the mixture eluted from a co ml o^Kie e^ 
gel H impregnated w,th AgNO, (for details see Refs. 8 and 25). ITie weight (O) ofSrSr 
steroads was determined by g.l c. and radioactivity (•) by liquid scintLtiScoambl 
Reproduced from Ref. [25J by permission of Periodica. Copenhagen, 

mfo/! ml/mS."""^^ ^"^^^^ '"^""^"^ ^° obtain allow 

th.t^n^ZY^K'''!'''''^''^^^^- "^^^ 16-unsaturated C„ steroids are so non-polar 

DaDer thPt hTl" previously encountered this problem and employed 

or nhent' ^ t^"" ^'"'^^^''^ impregnated with kerosene, liquid par^n 
or phenylcellosolve However, it was only possible to separate an-a from ael 

nus analogous to that described above for alumina column chromatograohv 
Using sthcic acid-.mpregnated paper, however, an-a and ae-a could be Sved 

^u^^n « h^'' "^^^ ^''^ ^^P^'^^ ^^^"^ ^tiJI unresolved anSen^ 
phs an-/? by ascending chromatography. Non-polar solvents or solvent mixtures 

ether (99. 1 v/v) were used[103]. The order of mobility for the 1 6-unsaturated 
steroids studied was oestratetraenol > an-a > ae-a > Ldien-^ i anT Us ng 
the descending technique for 18 h on silicic acid-impregnated paper it was stiH 
not possible to resolve andien-^ from an-A although enhanced separationTof the 
other compounds were achieved. The acetates, much less polar than the parent 
alcohols, were poorly separated in all the systems tried 

ated'strrofd^m; ^nT^'T'''"'''- ^"^'"P^^^ ^"^^ 16-unsatur- 

ated steroids[103. 104] similar resolutions were achieved as with silicic acid 

impregnated paper (Table 16). It was possible to elfect reasonabl sepSons of 

1? the t 'l '""^"^ ^"^'^"-^ ^"^ Pi-te was developed 

in the same solvent system, e.g. benzene-ether (9:1 v/v) two or thrP^ tfnU 
allow ng the plate to dry between runs. Andien-^'and an-/wrre however S 
partially separated. 5a-Androstenone and androstadienone can lo be re^^^^^^^ 
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separated by this technique (Fig. 19). Using Kieselgel G layers impregnated 
with silver nitrate, it is possible to resolve andien-jQ from an-)8, the former being 
much more retarded [104] (Table 17). In order to separate a range of 16-un- 
saturated steroids possibly formed in incubations of labelled substrates with 
testis or adrenocortical tissues, Gower and his colleagues [8,25,31,71] have 
utilised t.l.c. first on Kieselgel G using the systems benzene-ether (9: 1, v/v) or 
benzene : ether (4:1. v/v) run twice, followed by t.l.c. on Kieselgel G impregnated 
with AgNOn in the system benzene : ethyl acetate (1 : 2. v/v). 

However, although the relatively non-polar solvent systems separated the 
16-unsaturated steroids, more polar compounds such as pregnenolone, progester- 
one, 17o;-hydroxypregnenolone and testosterone were only partially separated, 
and had to be eluted 'en bloc' and re-run in systems such as benzene-acetone 
(4:1, v/v) [31 J. In incubations of radioactive pregnenolone or progesterone all 
of these compounds were likely to be encountered. Thus, in order to separate, on 
one plate, the 16-unsaturated steroids from C,^ and other C,^ steroids, two- 
dimensional t.l.c. has recently been exploited [105]. Figure 20 shows the separa- 
tion of some sixteen compounds and it is of particular interest that one curve can 
be drawn through the positions of all 4-en-3-oxosteroids; a second curve relates 
the positions of 5-ene-3j3-hydroxysteroids. Similar separations have been achieved 
using extracts of testes from human testicular feminization patients[106] and from 
rats [ 1 05], after incubation with radioactive pregnenolone or progesterone. 

(d) Elution of Xd-unsaturated steroids from thin-layer plates. Using solvents 
such as chloroform, methylene dichloride, ethyl acetate. or ether (4 X 2 ml), it is 
possible to recover approximately 80% of these compounds from Kieselgel G 
plates. However, if AgNOg-impregnated Kieselgel G is used, the steroids, partic- 
ularly the alcohols, are more strongly adsorbed and recoveries of as little as 20% 
for andien-,e have been recorded in the author's laboratory. This difficulty was 

Table 17. values (x]00) of some 16-unsaturated steroids on silver 
nitrate-impregnated Kieselgel G 



Solvents 





] 


2 


3 


4 


5 


6 


7 


8 


An-a 


10 


37 


6 


30 


21 


15 


3 


22 


Ae-a 


6 


34 


6 


15 


8 


7 


3 


10 


Andien-^ 


9 


32 


4 


25 


14 


12 


3 


17 




M 


37 


11 


31 


23 


18 


4 


28 


Androstadienone 
















30 


5-Androsten-3;3-oI 


51 


67 


26 


57 


50 


45 


24 


63 


Cholesterol 
















55 


Pregnenolone 
















47 


Progesterone 
















58 


Oestratetraenol 
















45 



Solvents: 1, chloroform-ethanol (95:5 v/v); 2, ethyl aceiate-cyclo- 
hexane-ethanoi (45:45:10 by vol.); 3, ethyl acetate-w-hexane (25:75 
v/v); 4. ethyl acetate-/7-hexane (75:25 v/v); 5, cyclohexane-ethyl acetate 
(1 : 1 v/v): 6» benzene-ethyl acetate (1 : 1 v/v); 7, benzene-ethanol (95:5 
v/v); 8» benzene-ethyl acetate (1:2 v/v). Data from [104] for solvent 
systems 1-7 and from [8] for system 8 (by permission of the publishers. 
Academic Press Inc. and The Biochemical Journal). 
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Fig. 20. Two-dimensional t.l.c. of a mixture of steroids using benzene-ether <9- 1 v/v) 
run twice, as the first system and benzene-methanol (9:1, v/v) as the second 4^n-3- 
Oxosteroids were I. testosterone; 11, 17a-hydroxyprogesterone; III. androsfenedione; 
IV, progesterone; V, androstadienone. 5-ene-3/3-Hydroxysteroids were- - J 17«- 
hydroxy pregnenolone: 2. 5-androstenediol; 3 , dehydroepiandrosferone: 4, pregnenolone; 
5, andjen-/3. Other steroids: a, androsterone; b, aetiocholanolone; c, an-^; d, ae-a; 
e, an-a; f, oestratetraenol and g, 5a-androstenone. 

overcome by mixing the appropriate zone of adsorbent material in a test-tube with 
distilled water (1-5 ml) and 2M-NaOH (0-5 ml) and extracting the steroid with 
ether (4X2 ml). Acceptable recoveries were then obtained[8] 

An attempt was made [78] to use t.l.c. on AgNOa-impregnated Kieselgel G 
to separate synthetic [7a-m] androstadienone from a reaction mixture con- 
taming impunties, possibly ring D isomers of androstadienone (see p 78) 
Although an exceUent separation of androstadienone was achieved, it seemed 
likely that the use of NaOH to extract the steroid from the plate caused decom- 
position (Gower, unpubUshed observations). As mentioned earlier (p 78) no 
decomposition of [^H]- or ['^C]-labelIed androstadienone occurred on columns of 
AgNOa-impregnated silicic acid, possibly because the columns were run in an 
atmosphere of nitrogen. 

(e) Detection of l6-unsaturated steroids on thin-layer plates. The reagents 
that have been used to detect 16-unsaturated steroids on thin-layer plates, to- 
gether with the colours obtained, are given in Table 16. Of the reagents that do 
not result m destruction of the steroids, iodine in Ught petroleum spray is un- 
doubted y the most useful, since it gives yellow-brown colours with oestra- 
tetraenol, 5a-androstenone, androstadienone. an-a, ae-a. andien-fl and an-/? at 
room temperature[103]. Moreover, the spots disappear after the plate has been 
allowed to stand at room temperature for approximately two hr. No quenching 
nas been observed if such radioactive spots are eluted and subsequently counted 
in a liquid scintillation spectrometer. If however, iodine vapour is utilised, colour 
producuon is not reversible [103]. U.V. light (254 nm) is also useful in that andro- 
stadienone and oestratetraenol can be detected. 
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16-Unsaturated steroids can be detected on AgNOj-impregnated layers if 
heated with Allen reagent [107] but radioactive spots (located by radioauto- 
graphy) must be eluted before heating at 1 1 0''C [8]. 

(f) Gas-liquid chromatography. The non-polar nature of the 16-unsaturated 
C,9 steroids permits their elation from a variety of stationary phases in relatively 
short times at temperatures in the range 190-210°C. The behaviour of these 
compounds on g.l.c. columns was first studied by Baker and Gower[108] using 
a high proportion (10%) of silicone gum as stationary phase. The sequence of 
elution for the free steroids was ae-a < an-a ^ andien-|3 « an-)8 < oestratetra- 
enol (Table 18). It was not possible to resolve an-a, andien-j8 and an-)8 from each 
other as free steroids. The trimethylsilyl (TMS) ethers, however, were found to 
be more volatile than the parent alcohols and consequently could be eluted at 
temperatures some twenty degrees lower. Later studies [29] involved the use of 
high concentrations (20%) of a more selective stationary phase (QF,). It was 
then possible to separate the TMS ethers of andien-/? and an-jS and to show the 
absence of the latter compound in human urine. During recent years a variety of 
stationary phases (summarized in Table 18) have been used to separate and 
estimate not only the alcohols mentioned above but also the ketones, andro- 
stadienone and 5a-androstenone. These compounds are retained longer than the 
closely related alcohols andien-;3 and an-a if QF, and XE-60 are used. However, 
if other phases, such as SE 30. are used, the retention times of the ketones are 
similar to those of the 16-unsaturated alcohols. This large difference in relative 
retention time on different phases has been useful in suggesting the presence of 
an oxo-groupmg m unknown compounds, in particular, ardrostadienone[5] 

The chloromethyldimethylsilyl (CMOS) and bromomethyldimethylsilyl 
(BMDS) ethers of the 16-unsaturated C,o steroids have been studied recently 
[25. 109] and, using these derivatives, a separation of an-a and ae-a was achieved 
on CHDMS*/polysiloxane ( JXR) (0-6%/0-75%). The derivatives of andien-^and 
an-^ were, however, not separated on this hybrid phase but only on XE-60 or 
QF, (Table 18 and Fig. 21). These CMDS ethers were especially useful in that 
they were retained longer on the columns than were the corresponding free 
alcohols and consequently facUitated the quantitation of an-a from human urine, 
the impurities being eluted well before the an-a CMDS ether (Ref. [109], Fig. 22)' 
Both the CMDS and the BMDS ethers are less volatile and more stable than the 
TMS ethers and for this reason, a method for the analysis of this steroid series 
[23] utilises g.l.c. of the CMDS ethers. The BMDS ethers are more polar than, 
and are retained longer than, the corresponding CMDS ethers [25] (Table 18) 
as anticipated by analogy with the C,9 17-oxo steroid series [1 10] and may well be 
of use in the electron capture determination of nanogram quantities of 16-un- 
saturated Ci9 steroids. 

The pattern of elution of the halogenosilyl ethers on CHDMS/JXR is 
an-a < ae-a < andien-/? = an-jS.and on QF, or XE-60 is an-a « ae-a < andien-fl 
< an-;3. ^ 

10. ESTIMATION OF 16-UNSATURATED C,. STEROIDS 
(a) Colorimetric methods. For the estimation of an-a in urine Brooksbank and 
Haslewood[21] used a modification of the colour reaction described by Miescher 
[ill]. Hydrolysed urinary glucuronoside fractions were purified on alumina and 
*Cyclohexanedimetlianol Succinate. 
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Fig. 21. G.I.C. of CMDS ethers of an-a (peak 1), ac-a (peak 2). andien-^ plusan-^ (peak 

3)andoestratetraenol(peak4). u «/ /iao inft ,^»c),\ at i9vr 

Column- CHDMS./JXR (0-6%/0-75%) on Chromosorb W (100-200 mesh) at 195 C 
and carrier gas flow 50ml/min. Reproduced from Ref.[109] by permission of ElscNner 

Publishing Co. 
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Fid 22 Glc ofthean-« fraction, obtained from alumina column chromatography of a 
normal 'female urine (a) before and (b) after chlorosilanisation (sensitivity ^*•1ce that m 
?a)rPeak 1. unknown; peak 2. an-„; peak 3. CMDS ether of peak 2; peak 4. cholestone 
(internal standard). Column conditions as in Fig. 21 except that temperature was 197 C. 
Reproduced from Ref.(1091 by permission of Elsever Publishing Co. 

an-a eluted with benzene-light petroleum (1:1, v/v) (see p. 78) The 'an-a' 
fraction was heated with resorcylaldehyde and concentrated sulphuric acid in 
glacial aceUc acid, when a purple colour was produced that showed an extinction 
maximum at 580-585 nm, with an inflexion at 540 mn. A variety of C,, and C.^ 
steroids were also tested with the same resorcylaldehyde reagent; only 16- 
unsaturated or 17a-hydroxy Co steroids gave a purple, or some cases (e_g 
andien-/3), a blue colour. Other steroids, apart from oestratetraenoi (see Fig. 23), 
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Fig. 23. Calibration curves for some 1 6-unsaturated steroids using the resorcylaldehyde 
colour reaction of Brooicsbank and Haslewood[21]. Extinctions were measured at the 
foilowmg wave lengths: - ae-o (A), 585 nm; andien-^ (□), 575 nm: an-yB (A) 585 nm; 
oestratetraenol (■), 625 nm. For the sake of clarity the curve of an-a (2 1) which closely 
follows that for ae-a has been omitted from the Figure. Data from Cower (unpublished). 

gave essentially no colour. Cholesterol in large quantities (100/ig) gave a pink 
colour but was readily separated from an-a by alumina chromatography (Table 15) 
so that no interference from it was experienced when aurinary analysis for an-a 
was performed. However, it was found that the an-a fraction from urine extracts 
punfied on alumina sometimes gave a pinker colour at lower wavelengths (530 nm) 
than did pure an-a. The observed extinction at 575 nm was therefore corrected for 
the extinction of interfering chromogens, but for very low titre urines containing 
lOO/ig or less an-a per 24 h, the values obtained were in error even after using 
the correction factor. The same applies to the quantitative analysis of urinary 
ae-a and andien-/3 which occur to a much smaller extent than an-a. Although 
linear relationships are obtained between the amount of ae-a and andien-)3 and 
extmctions at 575 or 585 nm (Gower, unpublished. Fig. 23), the combined values 
for ae-a plus andien-^ obtained by the colorimetric method were some five times 
greater than the individual values obtained by g.l.c.[29]. 

Recently, an attempt was made to utilise the same colour reaction for the 
estunation of 5a-androstenone but the sensitivity was insufficient for measure- 
ment of the compound in the peripheral plasma of pigs [4]. 

(b) Gas-liquid chromatographic methods. The behaviour on g.l.c. columns of 
1 6-unsaturated C19 steroids has been described earlier (p. 86). The responses of 
some of these compounds and their derivatives to flame ionization detectors have 
been found to be linear. Calibration curves for some alcohols, silyl ethers and 
ketones are shown in Fig. 24. A number of compounds have been employed as 
mtemal standards in the g.l.c. estimation of 1 6-unsaturated steroids e.g. methyl 
palmitate, 5a-androstane, cholestane, 5a-androstan-17-one, 5a-androstan-3i8-ol 
and 5a-androstan- 17/3-01. The latter alcohols are particularly useful if TMS ethers 
or halogenosilyl ethers have to be prepared during the method since their use can 
correct for the losses that may be incurred during the silylation. An-a. ae-a and 
andien-^ have thus been estimated in both normal and abnormal human urine 
[23-25,3], 71] and an-^ has been estimated in boar urine[5]. G.l.c. has also been 
helpful m the estimation of an-a, ae-a, andien-)8 and an-/3 as well as androstadie- 
none and 5a-androstenone. added as carriers to in vitro incubations [6. 8.9. 12]. 
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Fig. 24. Responses of some 16-ansaturated steroids and derivatives to fla^^^^^ 

J T An « (O) an-fi (C3\ androstadienone Bj, ae-a TM5> ether ine gas 

(unpublished). 

G I c methods have been utUised for the measurement of some ^^-unsaturated 
binding globulin in bovine plasma [4]. 

11 PRACTICAL IMPLICATIONS OF THE ODOUR OF 16-UNSATU RATED C. 

STEROIDS 

Prelog and R>mckal82] coramenud upon the ""^'f « °^ "^-"stTb- 
S«*«e„ce of very small <,uan.Uies in 

For example 5a-androstenone was detected m boar fat extracts as ii emerscu 
^Tc colu.^[13]; Brooksbank and Haslewood[2] were aWe to smell the 
muruke odotTa cU^^^ (later identified as an-a) in hydrolysed unne 
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extracts; and other workers [5] described how the smell of 5a-androstenone could 
be detected on the hot syringe needle after a boar spermatic vein plasma extract 
had been injected on to a g.l.c, column. However, the characteristic musky smell 
is not restricted to 16-unsatu rated alcohols; the 3-hydroxy-5a-androstanes also 
possess a musk-like odour[84J, although the 5^-epimers are odouriess and, out of 
33 steroids investigated by Beets [1 12], the musk odour was detected in thirteen 
derivatives of androstane. The olfactory properties of the 16-unsaturated steroids 
has been referred to in a number of papers [1 13-116] and has been reviewed 
recently [56]. The olfactory response of men, women and children to the musky 
odour of the macrocyclic ketone, exaltolide, has been intensively studied[117, 
1 18J. The ability of women to smell this compound increases during the follicular 
phase of the menstrual cycle, reaches a maximum at ovulation but declines during 
the progestational phase, Le Magnenfl 17] has also shown that children, men and 
post-menopausal or oophorectomized women can only smell exaltolide faintly. 
Administration of oestrogens, however, causes a recovery in the olfactory 
acuity. In a more recent study of 73 female student nurses [118] two peaks oc- 
curred in olfactory acuity, one just preceding ovulation (17 days before the 
menses) and the other during the luteal phase (8 days before the menses). Such 
experiments(117J18] suggest that there may be a link between oestrogens and 
the ability to smell musky odours. 

In 1948, an interesting case of anosmia to an-a was described [1 19] and a more 
detailed study of 200 men and women [1 20] revealed that 29% of the men were 
anosmic to an-a, 38% described the smell as faint and 33% as strong. The corres- 
ponding percentages for women were 22, 36 and 42%. The results of a similar 
study using 5a-androstenone were more clear cut[121]. In this investigation 
records were made of the olfactory response of 50 men and 50 women to 800 ng. 
of the pure compound that had been applied (in ethereal solution) to 5 cm- of a 
watch-glass. It was found that 44-3% of the men were unable to detect the odour 
in contrast to only 7-6% of the women. Most of the female subjects rated the smell 
as extremely unpleasant. A high proportion of women also find the smell of 
roasting boar meat unpleasant [122] since the odour of the 5a:-androstenone in the 
fat (see p. 47) is especially noticeable when the meat is hot. This has important 
practical implications, as discussed recently [121], since women, rather than men, 
are most often involved in the preparation and cooking of pork or bacon and will 
decide whether it is acceptable. However, when the meat has reached the table 
and cooled somewhat, the intensity of the odour may have decreased and the meat 
may then be more palatable. In this connection, it is of interest that the German 
cartoonist Wilhelm Busch (1832-1908) has alluded to the great sensitivity of 
women to the smell of pigs. In a cartoon entitled *'Ebergeruch" (pig smell), a herd 
of pigs is shown being to market. The woman near them holds up her hands 
in horror at the smell (depicted as a spirit), while the man walks on, apparently 
unconcerned. 

The unpleasant smell and flavour of cooked meat taken from an uncastrated or 
partially castrated boar was described many years ago [123. 124). One investigator 
[124] considered that the submaxillary glands possessed the unpleasant taste and 
recommended their removal; another described the parotid glands as possessing 
the bad odour even when the fat and meat were considered as negative. By 
smelling the meat and melted fat separately at diiferent times after castration, it 
was evident that the smell persisted for two months. Cryptorchid animals have 
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also been shown to possess the smelU124, 125]. As discussed earlier (p. 63) the 
t a?on rSLing boar salivary glands and J^"— t^ s^^^^^^^^^^^ 
h«en clarified That the so-called 'sex-odour' was sex-dependent was shown oy 
Wmiarns ^d hit collaborators [126] who found that 64% of males Possessed the 
^ex odour' substances but only 1-5% of females and castrates. Exp^nments^^^^^^ 
i^rnnpH in 1 9^9 led to the suggestion that boar 'sex-odour' emanated from the 
';^;^^^nl%lfi^:M^ -d-d the Howeve.^^^^^^^^ 
possesses no 16-unsaturated steroid biosynthetic activity [20] (^^/P-^S ^^^^^^^^^^ 
ft con ain more than traces of these ^^eroids [65]^ Patterson U.er^^^^^ beheve h 
the smell of the gland is due to the presence of phenols, especially p-cresoilb4j 

"^^AZ^tlt!^':^-^^^^^^ substances were known to be water- 

in.o1iSe and soluble and to be present in the unsapotiifiable fraction of boar 
X ttsue exSl27 12^ attempts to characterize the odorous principle 
fatty tissue ^^^f ^^^'f^^ i96ythat5a-androstenone was isolated 

were unsuccessful [129]. It was noiunm ^yoo llla^. ^ vacuum 
Td characterized as the 'boar taint' ketone [13] (see p. 47). The high vacuum 

^^^f//o^fT;";di,,;„,e between the heated fat and the cooled surface was 
made as shorTas possible to increase the efficiency (92:±5%) of the process. A 
Ztn no oro^edure with aqueous alkali, followed by t.l.c, was found to be 
:™Te?:t the non-saponifiable materi^ could be subiected to g.l.c. for 
find 5,nalvsis fcf the method used for human axillary sweat[34J). 

' SincfboL%ex-o^^^^^^ 

is nomam performed during the first few weeks of life, ^^^/^^^^.^^^ .^^^^^^ 
hat oartial castration is as effective as complete castration m ehniinating sex- 
t^intCo k meat In one group of animals, only testicular parenchymal tissue 
wTremotdrfrom anothefgroup. the testes were removed ^^^^^^^^^^ 
left intact In both groups, little or no taint could be detected. However, altnougn 
fe Si^He offorSiation of the odorous 16-unsaturated f d1 
by sucS procedures, the formation of testicular androgens is also eliminated and t 
hL W been known[132] that this results in a smaller percentage of lean mea . 
more back fat^^^^ live-weight and a reduction in the quality of Ae meat. 
Zh" worth considerftion is that castration -^V^'l'l fFof t'^^^^ 
(see 0 46) a compound that has a definite myogenic effect (Jable 19). For these 
easons some attempts have been made to suppress the odour of the live boa^ 
wTthout resorting to castration. Administration of stilboestrol and of n«-methyl 
tes?osterone%3l^ were indeed shown to reduce the 'sex odour' m boars and 
a ^re recen s udy [n^ confirmed that implantation in boars of 96 mg diethyl- 
LboesS al a live weiiht of 70-3 kg reduced boar odour even though ^a^^^^^^ 
androgen levels were unaffected. Chlormadmone acetate (20 or 30 mg daily lor 
peSs of 33-70 days) also significantly decreased the tamt of^^^^^^^^^ 
by smell and taste) but the fat content of Ac '"f .'^^^^^'^f.ff J^:^^^^^^^ 
however, are expensive and tedious to perform during We of the pg 
time of slaughter, and. as mentioned above, castration of most males is nomialiy 
: ^rfofmed^l;arlyage.Whetherstil^^^^^^ 

; Z effect on the biosynthesis of 16-unsaturated steroids has not yet been estab 
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Ibofato^! Th ;r " P^'^""^ ''^^"S undertaken in the author's 

of rnum^^^^^^^^ '''^ ^'"^ have been the subject 

of d number of recent reviews and papers[4, 138-140]. In particular the work of 

fn LLT ^'"^"^ ''''' taintof boar fat is rarely detected 

in .mmature p.gs of less than 43 kg body weight « 100 days old) but thereafter it 

between 135 and 365 days, i.e. m animals weighing more than 92 kg (cf. Table 1) 

Possible physiological role of 16-unsaturated steroids in pigs 

nJ^rrJl^T'f'u"'^?"^^'""'^" Buisson[141] showed that boar odour was 
subStl° th the characteristic mating stance of the sow in oestrus when 
es^ed rf,n^ ^ l^ck-pressure test[142]. Over 81% of oestrus females so 
tested responded when kept in a pen previously occupied by a male. Further ex- 
periments 143] showed that the stimulus was an olfactory one! !^nce surgical 
removal of the olfactory bulbs of the female abolished the respon e fnd mo e 

Fsi frllh T"" the genital tract and inhibited the release of 

rj>j-i trom the anterior pituitary. 

Since the period during which the female is in oestrus is relatively short it is 
obvious ly of great miportance for pig breeders to ascertain with the mWmum 
delay ,f the sow is ready for artificial insemination without having to expose he^ 
to boar odour. Both boar urine and seminal fluid[I43. 144] have been rubbed on 
loortrlf the mating stance even in a 

fhe nor^I h''t ' animals (i.e. those that did not respond immediately to 
fffec^^at n^fhS^^^^ '''' AUmann[142]). Such procedures, a,tho;;gh 

HnnTv ^T'^^"^ 'T" J6-unsaturated steroids and their possible rela- 

lonship to boar sex-odour' led Sink[145] to propose that these steroids might be 
^^/^f- ^^^^'^tants. Shortly afterwards[16] an-a was discoveredTboar 
sdiva and it was suggested that, as the boar becomes sexually excited and 
sahvates profusely, the smell of the alcohol on the breath of the males reaches the 
female and elicits the characteristic immobilization response. The male is hen 
ab e to mount and copulate, an-, and 5a-androstenone'are the compounds that 

1146 1?81 ZunT '"h'J Patterson and Reed 

[146, b8] who sprayed 5a-androstenone and an-a separately, in aerosol form 
towards the snouts of recalcitrant females and found'that approxSy 
then responded to the back-pressure test Artificial insemination can thus be 
carried oat more efficiently and expeditiously than would otherwise be the case 

It IS of interest that the musk-smelling an-)3 occurs in boar urinefS] and this 
may exp am the effect (mentioned above) of the smell of such urine on fow I 
oestrus^ It is also possible that 1 6-unsaturated steroids may occur in bo^ sZ'Z 
fluid, their smell eliciting the characteristic response in tiie female 

Recent work reviewed by Signoret [147] has revealed tiiat the reproductive 

th« OH?' °f T "''''T'^^ female in oestrus requires not 

the odour of a boar to ehcit tiie mating stance; the sound of its 'courting son«^ 
and the sight of it are also important. Even the frequency of the mS g^ms fs 
important, since a tape-recording of a "song" with the frequency of^nts rSuced 
KrSe:""^'^ '^^^^ ^'^^"^"^^ ^---^'^ respLefwhrpt^^ 
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1 (^-unsaturated steroids as androgens 

Since an-a is structurally related to the androgens and is also excreted in 
human urine in milligram quantities, this compound was for n^^^y Vf^! ^^^^^ 
s'dered as possessing androgenic properties. The P^y^.^^'^g^^^" 
an-^ and androstadienone have now been studied by ^^^'^^yt^^^ ^^^^^^^^ 
and summarized recently [32,56]. It is clear that, at least m rats, rabbits and mice, 
an a an.^ and androstadienone, show litUe or no androgemc activity. Recently 
r«-a;drostenone was also shown to have no androgenic activity compared 
testosterone in the chick comb test[4]. Androstadienone was, however, shown to 
rSy oes^^^^^^^^^ and this is explained on the basis of its possible conversion 
t o"st;«.xae„of (p. 73) and of the latter's oestrogenic act,v,ty b=k,»V Th= 
Physiological role of this group of compounds m these species and m humans 
fherefore remains enigmatic. However, it is of interest ^at the power^^^^^^^^ 
smelUng 5a-androstenone has been found in the axillary sweat of a nian (Ref 
341 see p 55) but whether this compound plays any role as a sex-attractant 
remains to be elucidated. In this connection it is of particular interest that in some 
Xknces performed in Mediterranean countries, the ma^e f 
Seir female partners by waving in front of them handkerchiefs that have been 
held for some time under the armpits of the men[149]. The nature of the active 
orinciple so obtained on the handkerchiefs is unknown but it is tempting to spee- 
ds tha^^^^ Wend of 5a-androstenone and other secreted substances may play a 
S in t4 respect. The smell of the ketone itself would presumably not produce 
Ihe required stimulation in the women since many find the smell unpleasant [12 1]. 

Oeslrogenicity of oestratetraenol 

The relationship of this compound to epioestriol has already been described 
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r« 711 and its oestrogenicity in rats has been studied briefly by a number of 
worke sl96 50] Mofe recent investigations [151] have shown that in mice 
IstratXenol much less oestrogenic than oestradiol-17/3. the threshold 
^itTgo to S^S per mouse. A dose of 1-0 caused 76% of mace mjected 
?o go'roe trus and'caused a significant increase in utenne -e:f t compar^ 
with a control group. The dose-response curve (Fig. 25) was similar to that for 
o^s^rad^l approximately 1-0 ^g oestratetraenol per mouse bemg equivalent to 
0- 1 /xg of oestradiol-1 7j3. 

12 SUMMARY AND CONCLUSIONS 
The experiments described here, that have been performed by wo^;;e^« '^^^^^^^ 
disc plines of chemistry, biochemistry, physiology and agriculture, have made i 
clear that the 16-unsaturated C.. steroids are of great physiologica 
froon^ce at ?Iast in pigs. The question as to whether these compounds may act 
^ph— humans, through excretion ij the sweat ^runM^ 
cussed and, for the present, remains open. Further problems still exist^ 'l^^l^ 
.ionificance or otherwise, of the increased amounts excreted m endocrine 
rofderfsuch as vM^^^^^^^ ^-^"^'^^'^^'^^^^^^ 
Undoubtedly, further research will help to solve the mystery that still pervades 

this fascinating group of compounds. 

NOTES ADDED IN PROOF 

p. 47. Recent work [152. 153] has now revealed that boar fat contains an-a in 
addition to 5a-androstenone. 

p 48 Analyses of parotid glands taken from Landrace boars (Ref. 154, 
D B Gower and Y. A. Saat, unpublished observations) have shown the presence 
of only very small quantities of 16-unsaturated C.s steroids. These results con- 
sist markedly with those of Claus [4] (see Table 1). Boar parotid glands however, 
contn high proportion of fat and. if this is separated and analysed, lUs found to 
coSn a much higher concentration of 16-unsaturated C, steroids than the 
pa^Sdand tLsueftself (D. B. Gower and Y. A. Saat. unpublished observations), 
ms possfble that the discrepancy between the available analytical results may be 
explicable in the light of these recent findings. . uu 

p 64 More detailed analyses [155] of boar testes that had been infused with 
[4--C]pregnenolone have shown the presence in these f^^^^, P^^^^^j^^ 

La and an-^ (labelled with -C)in addition to the "-^^^.f f ^^^^^^^^^^^^ 
keeping with analytical results (Table 1), the amount of '^C-an-/3 sulphate found 
exceeded that of the 3«-compound. . ... a t< suic^ 

pp. 61 and 72. The reduction of [7a-3H]androstad.enone and [Ja- H 5« 
androstenone has recently been studied in preparations of boar testis [156. 157] 
Sd saUvTry glands[154] In boar testis homogenates, kinetic studies revealed 
?;at androstadienone was converted first to f-^^-f f J^f^^^^^^^^^^^ 
quiring NADPH) and that this was subsequently metabolised to a mixture of an-^ 
(trSr product) and an-a. The formation of an-, from ^-and-f "-e was 
shown 0 be NADPH-dependent whereas the formation of an-/3 was N ADH- 
Srd nt mse results L in excellent agreement with studies tn uvo[m]^n6 
Sy establish androstadienone and 5a-androstenone as intermediates in 1 6- 
unsl'r:Sd C. steroid biosynthesis (Fig. 6). By in-bating -^^^ 
submaxillary and parotid glands, mixtures of an-« and an-/3 were also formed 
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from both ^H-androstad.enone or »H-5a-androstenone(154]. Using submaxillary 
gland tissue, he reduction of Sa-androstencne to an-a was shown to be NADPH^ 

^roTor"\f ^^^'"^'^ ^'^"^"y as effective in 

M "Sn Ltn^i' ^ "u '^^^^^.^^^'-^^^d steroids were formed when 

[4- CJpregnenolone was mcubated with boar submaxillary gland minces [1541 
Testosterone and DHA were likewise ineffective precursors^A/rro [T 54^ 
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THE MEASUREMENT OF PREGNANEDIOL 
SULPHATE IN AMNIOTIC FLUID 

A. CLAEKE* ANn A. KLOPPER 
Department of Obstetrics and Gynaecology, University of Aberdeen, Aberdeen ABd 2ZA 

{Received 3 September 1969) 

Although the only conjugate of pregnanediol (5y? pregnane-3a,20a-diol) in urine 
is the glucosidLu:onate (Crepy, Judas, Rulleau-Meslin & Jaylo, 1962) when a foetus is 
perfused with progesterone some pregnanediol sidphate is formed (Eird, Solomon, 
Wiqvist & Diczfalusy, 1965). There is thus a possibility that pregnanediol sulphate is 
largely a foetal product and that its Tneasurement may give some indication of foetal 
well-being. The identification of pregnanediol sulphate in liquor amnii (Solomon & 
YoungLai, 1969) and the development of a method for the measurement of all the 
pregnanediol conjugates in amniotic fluid (Klopper, Wilson & Shearman, 1969) has 
given rise to the opportunity of examining this possibility. In order to do so it was 
necessary to find out whether the solvolysis technique of Burstein & Lieberrnan (1958) 
for ketosteroid sulphates could be adapted to the separation of pregnanediol sulphate 
and pregnanediol ghicosidiu'onate. We report here the results of such an investiga- 
tion and the reliabilitv data of the method for the assay of pregnanediol sulphate. 

In essence the method of KJopper el al. (1969) for the estimation of total pregna- 
nediol in amniotic fluid Consists of extraction of the steroid by Delsal's reagent, acid 
hydrolysis, chemical purification, column ohromatography on alumma first as the free 
alcohol and then as a diacetate and hnal measuremeiit by gas-liquid chromatography. 
The problem was, therefore, to design and test a step, where by pregnanediol sulphate 
could be quantitatively solvolysed and removed for further aruilysis before the 
remaining conjugated fraction was submitted to acid hydi'olysis. 

In the method which was finally evolved 5 ml. of fresh unfiltered amniotic fluid 
is added to 10 ml. Dekai's reagent (4 parts methylal+ I part methanol). The mixture 
is left to stand for an hour, centrifuged, decanted and the solid residue extracted with 
a further 10 mi. Delsal's reagent. The combined solution is taken to dryness at 50° 
under reduced pressure on a rotary evaporator. The residue is then partitioned 
between 10 ml. water and 10 ml, of an equal mixture of hexane and toluene. The 
hex ane— toluene extract is assayed for free pregnanediol by the method of Klopper 
et al, (1969) and the aqueous phase submitted to solvolysis. For this purpose 4 g. 
]S'aGl and i ml. k -sulphuric acid are added to the water which is extracted twice with 
20 ml. ethyl acetate. Approximately 50/iOOdpm of [l,2-2H]pregnanediol is added to 
the ethyl acetate as an internal standard and the solution is warmed in a waterbath at 
56^ for an hour. The ethyl acetate is then washed Tsith 10 ml. y-NaOH and twice 
with 1 0 ml. water. The combined washings are submitted to acid hydrolysis and further 

* Pi'esent address: Dopt. of Obstetrics and Gynaecology^ University of Sydney, Kew South Wales, 
Australia. 
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analysed as the gliicosiduronate fraction according to the method of KJopper c/ al^ 
(1969). A check of the radioactivity remaining in the ethyl acetate showed that ncv 
significant amoimt of free pregnanediol is removed by the water washing. Tho ethyj 
acetate is evaporated and the solvolysed pregnanediol sulphate assayed hy the 
method of Klopper p.t aL (1969). 

The accuracy of the method was tested by the recovery of 25-9 /^g. pregnanediol 
sulphat-e added to 5 ml. liquor. The authentic pregnanediol- 3 sulphate was kindly 
prepared by Dr A. Turner of the Chemistry Department in the University of Aberdeen 
In six replicate experiments the radioactive internal standard gave an average re- 
covery of 92-5%. Each individual sample was corrected by its radioactive internal 
standard. The average corrected recovery of non-radioactive pregnanediol sulphate 
was 82-2 % with a range of 75-4 to 87-4 %. 

There are two aspects to be considered concerning the specificity of tho technique. 
The gas chromatographic peak read in the method of Klopper et al. (1969) has been 
examined by mass spectrometry and found to consist of pregnanediol. This tech- 
nique, therefore, is specific for the pregnanediol moiety and it remained to be shown 
that the sulphate fraction is not contaminated by pregnanediol coming from the free 
or glucosiduronate fraction. When free pregnanediol was added to the liquor there was 
no additional pregnanediol recovered in the sulphate fraction. Whether or not any 
pregnanediol coming from the glucosiduronate fraction appears in the sulphate fraction 
is difficult to prove as no authentic pregnanediol- 3 glucosiduronate is available for 
testing. It has, however, been conclusively shown that pregnanediol in pregnancy urine 
is present as the 3a-yI-;^-D-glucopjTanosiduronate (Heard, Hoffmann & Mack. 1944). 
The yield from a pregnancy urine extract when put through the solvoiysis procedure 
was, therefore, examined. For this purpose 200 ml. of late pregnancy urine was 
extracted by the method of Kellie & Wade (1956). The solvent was evaporated and tho 
residue put through the solvoiysis procedure. The ethyl acetate phase was found to 
contain traces of pregnanediol (1-27 //g.) possibly from solvolj^sis of conjugates. Acid 
hydrolysis and analysis of an aliquot of the aqueous pha^o showed that it contained a 
substantial amount of conjugated pregnanediol (1 -04 mg.), presumably in the form of 
gluco.siduronate. Ahquots of this glucosiduronate solution containing 26 /ig, preg- 
nanediol were added to 5 ml. of Hquor and put through the method. On this occasion 
the sulphate fraction yielded 0*55 /ig. pregnanediol above the blank level due to the 
liquor alone while tiie w^ater washiags of the ethyl acetate contained 20-1 /^g. of 
conjugated pregnanediol. This experiment shows that the glucosiduronate fraction of 
pregnancy urine is not hydrolysed by the solvoiysis procedure and does not appear in 
the sulphate fraction but can be substantially recovered by subsequent acid hydrolysis 
of the water washes. The overall findings indicate that this technique is adequate for 
the measurement of pregnanediol sulphate in liquor amnii, 
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ISOLATION AND IDENTIFICATION OF 
3a-HYDROXY-5a-ANDROST-16-ENE AND Sa-ANDROST- 
16.EN-3.0NE FROM PORCINE ADIPOSE TISSUE* 

K. E. BEERY av-d J. D. SINl^ 
Department of Animal Science, TM Pennsylvania State University , 
University Park, Pennsylvania 16802, U.S,A. 

(Received 19 April 1971) 

3a-Hydroxy-5a-androst-16-en6 and 5a-androst-16.eii-3-one Tv^ere isolated from 
the subcutaneous adipose tissue of STraie and identified (Fig. I a, b). These steroids, 
when excreted or secreted, could function as sex pheromones and initiate the olfactory 
communication stimulus regulating the mating behaviour of the domestic pig (Sus 
domesticus) (Signoret & du Buisson, 1961), Other researchers (Lerche, 1936; Craig, 
Pearson & Webb, 1962) have ahready established that a particularly strong sex 
odour (variously described as musk-, perspiration- and urine-lilce) was associated 
with the fatty tissues of the animal carcass. Even though the odoriferous, musk- 
smelling androstenols have been isolated from the testis (Prelog & Euzicka, 1944), 
adrenal (Gower & Ahmad, 1966) and sahvary glands (Patterson, 1968Z>) of the pig,' 
they have not been identified as components of fatty or adipose tissue. Stimulated 
by our theoretical prediction (Sink, 1967) that 3a-hydroxy-5a-androst-16-ene should 
be present, and Patterson's subsequent finding (Patterson, 196Sa) of the oxidized 
form, 5a-andxost-16-en-3-one, we proposed to isolate the unique androstenol and 
androstenone from the subcutaneous adipose tissue (panniculus adiposus) of the 
male (boar) domestic pig {Sus do-mesticus). Two different approaches were employed. 

First, an attempt vms made to remove volatile substances from -whole tissue 
samples by distillation at high temperature (150 ^C) and atmospheric pressure, 
foUowed by trapping in liquid nitrogen. These conditions approximate to those 
currently used in the preparation of meat products from pork carcasses. Gas-hquid 
chromatographic (GLC) analyses of the ether-soluble volatile substances were 
performed using a 10% UG W98 column (1-8 m x 3-2 mm) operating isothermally at 
200 ^'C. Our P & M Model 5755A instrument was equipped with a column efSuent- 
sphtter giving an approximate S:l partition between the heated collection vent 
and the flame ionization detector. This arrangement permitted olfactory analysis 
and trappmg of the compounds as they emerged from the collection vent while the 
peak presentation was constantly monitored. Subsequent analyses using the LKB 
mass spectrometer confirmed the presence of the pcrspiration-like, urine-smeihng 
5a-androst-16-en-3-onebutnotthe 3a-hydroxy-5ct-androst-16-ene. This identification 
was facilitated by using androstenone and androstenol standards. Our observations 
agree with those of Patterson (1968a), namely, the presence of the androstenone 

♦ Paper no. 3751 in tho journal series of the PeonsylvaniA Agricult\iral Eiperimeat Station. 
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but the absence of the androstenol in volatile substances from porcine adipose 
tissue. 

Secondly, adipose tissue samples were extracted by heating at 70 *C, filtered, and 
the liquid fat saponified. The non-saponifiable lipids were taken up in benzene 
and partitioned against aqueous NaOH to separate the benzene -soluble neutral and 
basic components from the sodium salts of the acids and phenols. The former 
group was reacted with Girard T reagent (Talbot, Butler & MacLachlan, 1940) 





HO' 



Fig. 1. The chemical structiire of (o) 3a-hydxoxy-6a-€indrost.l6-ene, and 
(b) 5a-androst-16-en-3-onfi. 

to prepare water-soluble derivatives of the oxosteroids and facilitate their 
separation from the non-ketonic, ether-soluble, hydroxy steroids. After the de- 
composition of the Girard T complexes, both fractions were subjected to GLG 
analyses. The odour of musk-smelling compounds predominated in the non-ketonic 
fraction, while the ketonic fraction was dominated by a perspiration- or urine-like 
odour. Mass spectral analyses confirmed the presence of both 3a-hydroxy-5a-aadrost- 
16-ene and 5a-andi'ost-16-en-3-one. These observations confirm our carHcr prediction 
(Sink", 1967) and Patterson's observations (196Sa), support the olfactory' observations 
of Craig et ah (1962) that sex odour compounds are present in the non-saponifiable 
fraction of the fat, and conclusively report for the first time the presence of both 
an androstenol and an androstenone in the subcutaneous adipose tissue of male 
pigs. Research is now underway to investigate the sex pheromone aspect of these 
compounds. 

This work was partly supported by NIH Grant FE-07082-03. 
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I. HUHTANIEMI 

Steroid Research Laboratory ^ Department of Medical Chemistry, Urdversity 
of Helsinki, SF -00170 HelainJci 17, Finland 

{Received 10 March 1973) 

SUMMABY 

The neutral steroids derived from their conjtigates present in a pool of 
bile from 20 human foetuses were analysed by gas-liquid chromatography 
and gas chromatography-mass spectrometry. Ten monosulphates, twelve 
distilphates and seven gluctironides were detected, but no free steroids 
were found. Both saturated and unsaturated steroids of the C^g- and Cgj- 
series were detected. The ghicuronides of 5y^-pregnane-3a,20cc-diol5 5ot- 
pregnane-3y^,16ci,20a-triol and 3a-hydroxy-5y{?-pr€gnan-20-one as well as the 
monosulphate of 1 0a-hydroxj^dehydroepiandrosterone were present in the 
highest concentrations. Other major coriiponents were the monosulphatcs 
of dehydi'oepiandrosterone, prcgnenoJone and 1 6a-hydroxypregnenolone 
and the disuiphates of 5-androstene-o/5,17a-diol, 3;5,17/?-dihydi'Oxy-5-andro- 
3tcn-16-one and 5^-prenanc-3^,20a,21-triol. The total concentration of the 
monosulphate conjugates was 4o5/ig/10Gg sample (wet weight), of the 
disuiphates 363 /ig/lOO g and of the glucuronides SI 5 /ig/100 g. 

Many of the compounds detected ha^re previously been found in the foetal 
liver and intestinal contents. It is therefore concluded that during early and 
mid-gestation the foetal liver is already excreting many steroid conjugates 
through the bihary tract into the intestinal canal. As in other foetal com- 
partments, considerable amounts of steroid sulphates were detected. How- 
ever ^ the presence of steroid glucuronides in the bile suggests that the 
formation of hepatic glucuronides already occurs during the foetal period. 



r^iTTBOBUCTION 

It is known that the human foetus begins to secrete bile during the 3 2th week of 
gestation (Willis, 1962), and that in the human adult, a great variety of conjugate's 
of neutral (Laatilvainen, 1970^^) and phenohc (Adlercreutz, 1962) steroids is secreted 
into the bile. The biliary secretion of steroids in the foetus has not been established 
but this seems likely, since many typical hepatic steroid metabolites have been de- 
tected in the intestinal contents of the foetus and newborn (Gustafsson & Stenberg, 
1971; Kjnsella & Francis, 1971; Huhtaniemi & Vihko, 1973). The compounds m the 
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Me may be either true hepatic steroid metabolites or metabolites formed in other 
parts of the foetoplacental unit. In addition, a part of these steroids may be involved 
in an enterohepatic circulation. 

MATERIALS AND METHODS 

Biological material 

Human early and mid-term foetuses were obtained at interruption of pregnancy 
for socio-medical reasons. The foetus was delivered by abdominal hysterotomy. The 
gallbladder was excised, weighed, placed in acetone : ethanol (1:1, v/v) and stored at 
- 20"* C until analysed. Because of small sizes of the gallbladders, bile could not be 
separated from the gallbladder tissue. Twenty such samples were pooled and the pool 
analysed. The crown-rump lengths of the foetuses used varied from 9-0 to 18-0 cm 
and corresponded to gestational ages of 12 to 19 weeks (Tanimura, iS^elson, HoUings- 
worth &, Shepard, 1971). The pooled gallbladders weighed 2-4og and the weights 
of the individual gallbladders varied from 10 to 670 mg. 

Solvents atvd rejtrt'mt steroids were as described previously (Huhtamemi & Vihko, 
1973). 

Trivial and syatemalic names 

Androstenedione, 4-androstene-3,17-dione; androsterono, 3a-hydroxy-5a-andro- 
stan-17-onc; testosterone, 17/?-hydroxy-4-androsten-3-one; dehydroepiandrosterone, 
3/i-hydroxy-o-androsten- 1 7-one ; 1 6a-hydroxydehydroepiandrosterone, 3^. 16a-cli- 
hydroxy-5-androsten-17-one ; IG/^-hydroxj^deh^^droepiandrosteronej 3;^,1 6/9-dihyd- 
roxy-5-androsten-17-one; progesterone, 4-pregnene-3,20-dioiie; pregnenolone, Zj3- 
hydroxA''-5-pregnen-20-one : IGa-hydroxj'^regnenolone, 3^^,16a-dihydroxy-6-prcgncn- 
20-one; 1 7c£-hydroxypregnenolone, 3/?,17a-dihydroxy-5-pregnen-20-one; 21-hydroxy- 
pregnenoione, 3^,21 -dihydroxy-5-pregTien-20-one; stigmasterol, (24>S)-24-ethylchol- 
efita-5,22-dien-3^-oL 

Thin-layer chromatograms (t.l.c.) were developed in ethyl acetate-cyclohexane 
i, v/v) as described previously (Laatikainen, 1970Z>). 

20 ^-Hydroxy steroid dehydrogenase was used for the detectioxi of 20//-hydroxyl 
groups essentially as described by Henning & Zander (1962). 

For gas-liquid chromatography (g.l.c.) 3% Q"JF-1 and 2-2% SE-30 columns and 
flame ioiuzation detection were used, as described by Vihko, (1966) and Sjovall & 
Vihko (1966). 

Gas chromatograpiy-mass spectrometry (GC-MS) was carried out on an LKB 9000 
instrument (LKB-Produkter AB, Stockholm -Bromma, Sweden) using QF-1 and 
SE-30 columns (Vihko, 1966; Sjovall & Viliko, 1966). The energy'' of the bombarding 
electrons was 70 eV and the ionising current 60 /iA. 

Procedure 

A detailed description of the analytical procedure has been published elsewhere 
(Huhtaniemi, Luukkainen & Vihko, 1970a; Huhtaniemi & Vihko, 1972, 1973). In 
short, it was as follows : after homogenization and extraction with acetone : ethanol 
(1 : 1, v/v), the extract was apphed to a 20 g Sephadex LH-20 column and fractionated 
into free steroids, their glucuronides, monosulphates and disulphates. The fraction of 
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Fig. 1. Gas chromatographic tvnulysis of neutrtU steroid trimethylsilyl (TMS) others derived 
from the glucuronide fraction of human foetal gallbladder bile, using a QF-l column, 2X5 °C. 
The numbera refer to tho TMS ether dorivatives of (!) pregnenolone ; {2) 3a-hydroxy-5>?-pregnan- 
20-one; {3) 5yJ^-pregnane-3a,20a-dioI ; (4) 3a,16a-dihydroxy-5a-pregnan-20-ono; (5) 3/?,lCa-di- 
hydroxy-o/?-pregnan-20-one; (fi) 5a*pregnane-3^, 1 6a,20a-triol ; {7) S^plG^^l^-trihydroxy-S^- 
pregnaii-20-ony. 

unconjugated compounds was purified by partition between ethyl acetate and 
0*1 M-NaOH. The purification and cleavage of the glucuronides with ^-glucuronidase 
was performed as described by Laatikainen & Vihko (3969). The sulphates were 
solvolysed in ethyl acetate acidified with sulphuric acid. The solvolysed material 
was nhromatographed on 3 g silicic acid columns and the final purification of each 
fraction was carried out on a 200 mg silicic acid column. The compounds were 
analysed by g.l.c. and by GC-MS as their trimethylsilyl. (TMS) ether derivatives. 

For quantitative analysis, a known amoimt of internal standard (10 /^g stigma- 
sterol) was added before the TMS ether derivative formation. 



BESULTS 

Table 1 summarizes our findings. The limit of detection was about 0-1 /^g. This 
corresponds to a concentration of 5 /tg steroid/100 g sample (wet v/eight). Ten mono- 
sulphates, twelve disulphatcs and seven glucuronides were found. The g.l.c. separa- 
tion of the steroids (as their TMS ethers) derived from the glucuronide firaction is 
shown in Fig. 1. 

Monomlpluites 

With the exception of androsterone, all the steroids detected in this fraction 
(Table 1) have recently been found in human foetal intestinal contents (Huhtaniemi 
& Vihko, 1973) and the details of their identification have been described in this 
connection. Androsterone was identified by its relative retention times (RRT values) 
on two liquid phases (see Materials and Methods) and its typical mass spectrum 
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Table 1. Concmtraiion of neutral steroids in the monosulpJuite, disulpJicUe 
and- glucuronide fractions in pooled human foetal gallbladders 

(The values are expressed as fig freo srteroid/100 g wet tissue and are 
imoorrocted for methodological loasea.) 

Monosulphates 

Androstorono Trace 

Dehydroepiandrosterone 48 

16a-Hydroxydehydroepiandrosterone 149 

5.Androstene-3;?, 16a, 1 7;?-triol 29 

Pregnenolone 47 

3^-Hydroxy-5,16-pregnadien-20.one 23 

5-Pregnene-3^,20a-diol 29 

16a-HydroxypregnenoIone 52 

1 7a-Hydroxypregaeuolone 22 

3^,13^,16^-Trihydroxy-5fpregnan.20-one* 36 

Total monosulphates 435 

Disulphates 

5-Androfltene-3^,17a-diol 61 

5.Ajidroyteno-3,9,17/?-diol 16 

16a-HydroxydehydroepiandrosUjroji© 28 

3 6,^ Hydroxy dehydroepiandrosterone 26 

3^,17;ff-Dihydroxy-6-ajidro3ten-16-one 54 

5-Andro3tene-3^,16a,17/S-trioi 4 

,Sot-Pregnane-3a,20£X-diol and/or its 3^,5;ff-i£omer 41 

' 5;9-Pregnane-3a,20a.diol 36 

5-Pregncne-3>?,20a-diol 2S 

16a-Hydroxypregnenolone 13 

5)?-Pregnane-3$.20a,21-trioI 50 

" C.Pregnene-3/?,20a,2l^triol 16 

Total di.sulphHte.5 3C3 

Gluciironides 

3a-Hydpoxy-o^-pregnan-20-one 12S 

Pregnenoiono 6 

iV?-Prp,giiaiiR-3a,20a.diol 32S 
3a,i6a-Dihydroxy-5a-pregnan-20-on6 \ 
3^,16a-Dihydroxy.S>?-pregnan-20-ono j ^ 

5a -Pregnane -3^1 6a, 20a-tnol 262 

3^,16^,19-Trihydroxy-5^-pregnan-20-ono* IG 

Total glucuronidea 815 

* Tentative identification. 

t Tlie individual concentratioua of these compounds could not be determined by g.t.c. {see Kesults). 

(Vihko, 1966). Another compound was identified tentatively as 3^,15^,1 6^- trihydroxy- 
o^-pregnan-20-axae by its EK-T values and mass spectrum (Gustafsson & Stenberg, 
1971; Hiihtaniemi fr> Vihko, 1973). 

Bisulphates 

These compounds (Table 1) have also been detected recently in foetal intestinal 
contents (Huhtaniemi &■ Vihko, 1973). Because of very similar ERT values and mass 
spectra of 5a-pregnane-3a,20a-diol TiVfS ether and its SfijdfiAsomev (Laaitikainen, 
Peltokallio & Vihko, 1968) the two compounds could not be distinguished. The low 
concentration of this chromatographic fraction prevented its rigorous identification. 
For the same reason, the orientation of the 3-hydroxyl groiip in 5^-pregnane-3f,20a,- 
2I-triol remains unkno^vn. 
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Seven componnds were detected in this fraction (Table I). Pregnenolone, 3a- 
hydroxy-5^-pregnan-20-one and 5^-pregnane-3a,20a-diol were identified according 
to their RRT values and mass spectra (see Huhtanieioi & Vihko, 1973). 

A fraction with RRT values of ,1 *57 and 0-96 on QF-1 and SE-30 columns, respect- 
ively, gave a mass spectrum typical of a 3,l6-dihydroxypregnan-20-one TMS ether 
(Janne & Vihko, 1970a), On t.l.c. (see Materials and Methods) this fraction was 
resolved into two bands. Comparison with authentic standards showed one to have a 
mobility identical with that of 3a,16a-dihydroxy-5a-pregnan-20-one {E^ value 0*24) 
and the other with that of 3y^,16a-dih5''droxy-5y^-pregnan-20-one (Itj^ value 0-31). 
A compound with RRT values of 1-39 and 1*74 on the QF-1 and SE-30 columns, 
respectively, had a mass spectrum typical of a pregnane-3,16,20-triol TMS ether 
derivative. These RRT values were identical wdth those of authentic 5a-pregnane- 
3^,16a,20a-triol TMS ether. Another isomer with very similar RRT values, o^- 
pregnane-3>3,16y^,20/?-triol (Gustafsson & Stenberg, 1971) was excluded by treatment 
of the unlcnowTi compound with 20y5-hydroxy3teroid dehydrogenase (see Materials 
and Methods). JSTo oxidation of the 20-hydroxjl group was observed. It was therefore 
concluded that this compound was 5a-pregnane-3y^,16a,20a-triol. One compound 
in the glucurbnide fraction was tentatively identified as 3g,16^,19-trihydroxy-5g- 
pregnan-20-one. Its RRT values and mass spectra were very similar to those of a 
componnd previously detected in foetal and newborn meconium (Gustafsson & 
Stenberg, 1971 ; Huhtaniemi & Vihko, 1973). Furthermore, a compound \vith a mass 
spectrum reminiscent of a dihydroxy-mono-oxo -pregnane and another remioiscent 
of a trihydrox^'pregnane were found in the glucuronide fraction but their low con- 
centrations did not allow fuither characterization. 

Measif^rements 

The quantity of each neutral steroid sulphate and glucuronide conjugate detected 
is shown in Table 1. The accui*acy of the present method has been discussed earlier 
in reference to some foetal tissues (Huhtaniemi el aL 1970a) and adult human bile 
(Laatikainen, 1970a) by determining the recoveries of several steroid sulphate and 
glucuronide standards added to the sample to be analysed. The mean recoveries were 
about 70-100%. The Vc-vlues in Table 1 have not been coiTected for analytical losses. 

discussion: 

Bile is formed in the human foetus from the 12th week of gestation (Willis, 1962), 
and from the results of the present study it would seem that the bile formed during 
early and mid-gestation already contains many neutral steroids in high concentra- 
tions. As in adult bile (Laatikainen, 1970 a) these compounds are present as their 
sulphates and glucm^onides. No free steroids were present in concentrauons greater 
than the limit of detection (see Results). 

Some errors may have arisen as a result of the samplers heterogeneity, since it was 
impossible to separate the small gallbladder tissue from its contents. If one assumes 
that the steroid concentration in the gallbladder tissue is very low, the values given 
in Table 1 would be considerably lower than those for the bile alone. 

36 E N D 59 
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Human foetal tissues have a high sulphate-conjugating capacitj' (Wengle, 1966) 
and so far, most of the endogenous neutral steroids detected in foeta.1 tissues have 
been in a sulphate conjugated form (see HuJitanieTni & Vihko, 1973). Therefore it 
was expected that the neutral steroids in the bile would also be present as sulphates. 
As in the case of the foetal intestinal contents (Huhtaniemi & Vihko, 1973), about 
lialf of the sulphated compounds detected were mono- and half were disulphates. In 
foetal hver tissue (Huhtaniemi el al. 1970a), on the other hand, no disulphates were 
detected, which might indicate a rapid turnover of steroid disulphates in this tissue. 

The glucuronide conjugating capacity of foetal tissues has been reported to be very 
low (Button, 1959). However, some glucuronides of neutral steroids have boon 
detected in the foetal meconium (Gustafeson & Stenberg, 1971 ; Kinsella & Francis, 
1971), in cord blood from the newborn (Eberlein, 1965) and in amniotic fluid at term 
(Schweitzer, Klein k Giroud, 1971). The results of incubation and perfusion studies 
suggest that the liver and gastrointestinal tract are the most active sites of foetal 
glucuronide conjugation (Mkhail, Wiqvist & Diczfalusy, 1963; Wu, Archer, Plick- 
ingor & Touchstone, 1970). Glucuronide conjugating activity has also been demon- 
strated in the placenta (Smith & Axelrod, 1969) and in several other foetal tissues 
(Ducharme, Limal, Antic & Sandor, 1973). Thus, the glucuronides detected in the bile 
might well he foetal metabolites. The transplacental passage of these compounds 
fi'om the maternal side cannot, however, be excluded since perfusion studies with 
oestrogen glucuronides have demonstrated transfer across the placenta without hydro- 
lysis (Diczfalusy, 1969). The formation of glucuronides in the foetal liver is strongly 
suggested by the observation that pregnenolone, 3a-hydroxy-5^-pregnan-20-one, 
5y?-pregnane-3a,20a-diol and 3;^,16a-dihydroxy-5^-pregnan-20-one, the neutral 
steroids previously detected in this tissue in an uiiconjugated form (Huhtaniemi, 
1973), were all present as glucuronides in the bile. Since the liver does not contain 
detectable amounts of glucuronides (I. Huhtaniemi, impublished observation) this 
would suggest a rapid elimination of these compounds upon conjugation. Of the 
compounds detected in this stud^^ of foetal bile the majority have pre\iously been 
identified as components of meconium (Huhtaniemi & Vihko, 1973). These findings 
would suggest the bile as an important source of foetal intestinal steroids. iVnothcr 
possible source of these steroids is the amniotic fluid swallowed by the foetus. The 
most striking difference between the steroid pattern in the bile and the intestinal 
contents is the lack of steroids with a 21-hydroxy-20-oxo side-chain (e.g. 21-hydroxy- 
pregnenolone) m tho bile. Several such compounds have been detected in the 
amniotic fluid (Janne & Vihko, 19706) which suggests that these steroids enter the 
intestinal tract from the swallowed amniotic fluid. 

Many of the steroids identified in this study contain a 3^-hydroxy-5-eno structural 
fragment which is quite typical of foetal steroid metabolites (Diczfalusy, 1969). Also 
many of the steroids detected were 16-hydroxyiated compounds, which is con- 
sidered characteristic of foetal liver steroid metaboUtes (Diczfalusy, 1969). Similarly, 
all the steroids of the pregnane series are most probably products of the foetal hepatic 
metabohsm of placental progesterone. 

Of the steroids detected in this study, androsterone is the only one which has not 
been previously detected as an endogenous foetal steroid. However, its presence in 
the foetal liver has been demonstrated after whole foetal perfusion with androstene- 
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dione and testosterone (Benagiano, Mancuso, Mancuso, Wiqvist & Diczfalusy, 1968), 
steroids which have been detected in the foetal testes {Huhtaniemi, Ikonen & Vihko, 
19705). 

This study demonstrates that a great variety of sulphates and glucuronides of 
neutral steroids pass from the foetal Hver into the biliary tract. The conjugation of 
neutral steroids with glucuronic acid seems also to take place in the foetus, probably 
in the foetal liver. The rate of formation of bile in the foetus is not known, and thus 
the quantitative importance of this biliary steroid secretion remains to be estabhshed. 
The steroids detected in the foetal bile pool may be the products of active steroid 
metabolism in the liver or other foetal tissues or may reflect the accumulation of 
some minor components of the enterohepatic circulation. 
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ABSTRACT 



A rellitively simple new technique is reported for the 
separation and measurement of the following steroids in human 
fetal blood, amniotic fluid and infant and adult urine i 3p- 
hydroxypregn-5-en-20-one, 3p-hydroxyandrost-5-en-17-one, 3p,21,- 
dthydroxypregn-5-en-20-one, 3p,17a(and I7p)-dihydroxyandrost-5-ena, 
3p,17p-dihydroxyandrost-5-en-16-one, 3p, 16a-dihydroxyandro8t-5- 
en-17-one, 3p,16a-dihydroxypregn-5-en-20-one, 3p,16a,17p-trihydroxy- 
andro8t-5-enBand two unidentified compounds. After enayme hydrolysis 
and solvolysis the steroids are extracted from the biological 
material and separated on thin- layer silica-gel chromatograms . Assay 
is by direct photo-electric scanning of the coloured bands developed 
on the chromatograms by an antimony trichloride reagent. The identity 
of the compounds has been checked by gas chromatography-mass spectro- 
scopy and further thin-layer chromatography. The accuracy, specificity 
and precision of the method have been evaluated. The tgtal urinary 
excretion of the ccmipounds when expressed in hr/m body area is 

approximately 10 times that of the adult. The 2 unknown compounds, 
21-hydroxypr^gnenolone and 16-hydroxypregnenolone are undetectable in 
adult urine. In cases of the adrenogenital syndrome the excretion of 
16-hydroxypregnenolone was markedly increased* 

INTRODUCTION 

Steroids with the A^-3p-hydroxy configuration predominate 
quantitatively and qualitatively over all other steroids (cholester 1 
apart) in fetal blood and infant urine. In adults the quantitative 
importance of such steroids is largely limited to dehydroepiandros- 
terone (DHA)^, but in the fetus and in infants a large number of 
other £^ steroids and ^ steroid- like compotinds are present, some 
in considerable quantity (1-3). 
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Easterling et al. (4) have shown that the concentration of 
DHA-sulfate and 16a-hydroxy-DHA-sulfate in fetal blood totals 200 - 
300 pfe/lOO ml, and Reynolds (5) has recorded a total urinary 
excretion of 16a-hydroxypregnenolone (16-Ofl-Preg.), 16a-hydroxy.DHA 
(16-OH-DHA) and androstenetriol (AT) of 14 mg,/24 hr. in a 3 veek 
old premature infant and of over 8 mg./24 hr. in 6 similar infants 
aged up to 5 weeks. 

It is only comparatively recently that the importance of the 
steroids in early life has been appreciated and the techniques of 
assay so far used have been tedious, most of them having been 
designed more to achieve the isolation of pure compounds rather than 
for assay purposes (1,3-8). It is apparent that much is to be gained 
from a quantitative study of the individual steroids circulating 
in the feto- placental unit and excreted by the infant during the first 
few months of independent life (9); also there is an immediate 
clinical application in that an early diagnosis of any dysfunction in 
adrenocortical steroid synthesis may depend upon an ability to measure 

^ Abbreviations for compounds used throughout the text are shown 
in Table 1. 

accurately the steroids in day-old infant urine (10). In 
adults it is not usually considered worthwhile to investigate the 
3p-hydroxy-A^ steroids as a group but as they constitute by far the 
most abundant group in infants, it is of considerable importance that 
more should be known of their excretion in the normal and abnormal 
infant. 

During the development of a suitable technique, an attempt has 
been made to balance specificity, sensitivity and reliability against 
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ase of operation and the p ssibility of measuring the individual 
steroids in a urine sample from a day-old infant, and in th small 
samples of arterial and venous cord blood which can be obtained from 
single umbilical cords. The compounds chosen for assay are shown in 
Table 1 and include two chromatographic bands of material staining 
with antimony trichloride which have not been identified, but they 
are probably steroidal and if so, are of considerable quantitative 
significance. 

The technique has been used to measure the excretion of 
urinary steroids during the first few days of infant life, and 
the rates of excretion are compared with those found in adults. 
Findings in 2 cas€»of the adrenogenital syndrome are also reported. 

MATERIALS 

All the reagents used were of analytical grade unless other- 
wise specified. Other material used was obtained as follows :- 

Succus entericus from the snail Helix pomatia - L' Industrie 
Biologique S,A., Gennevilliers, France. 

Silica-gel, grade Hf 254 - Merck A.G., Darmstadt, Germany. 

Thin- layer chromatography spreader - Quickfit and Quartz Ltd., 
Stone, England. 

Thin- layer chromatography tanks - Shandon Scientific Co. Ltd., 
London, England. 

Thin- layer chromatogram scanner - Joyce, Loebl and Co. Ltd., 
Gateshead 11, England. 

Gas chromatograph-mass spectrograph - LKB 9000. LKB Produkter AB, 
Stockholm, Sweden. 

The source of steroids used as authentic standards is indicated 
in Table 1. 
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Complete 24 hr, specimens of urine were collected from different 
n rmal infants on each day for the first 6 days of life, and als from 
normal adult males. Preservation was by storage at 4 followed by 
freezing at -24° as soon as possible. Itabilical cord blood was hepar- 
inized arid the plasma separated as soon as possible. Plasma and 
amniotic fluid were stored at -24°. 



METHOD 

Choice of Technique 

To ensure^ the extraction and measurement of as much steroid 
material as possible a comprehensive hydrolysis procedure was chosen, 
and for separating the steroids in the extract, thin- layer was 
decided upon in preference to column, paper or gas- liquid chromato- 
graphy. The quantities of steroid being dealt with, particularly 
in blood, were small and the assay of bands of material on paper 
or thin- layer chromatograms was preferred to the use of column 
chromatography involving the collection of many eluate fractions. 
Paper chromatography was found to necessitate a complex preliminary 
purification stage (6), long development periods were required and - 
the spots or bands of steroid formed tended to be more diffuse than 
those obtained using thin- layer chrOTiatography. Many of the compounds 
were found to be unstable when subjected to gas-liquid chromatography, 

Elution of the bands of. material fran the thin- layer plates, 
with subsequent colorlmetric assay did not prove practicable because 
many were too close together for accurate detection and delineation 
using a parallel run of standards. Assay was therefore achieved by 
direct staining and quantitative scanning. 

Preliminary studies 

Hydrolysis . Leon et al. (11) have shown that the crop fluid of the 
snail Helix pomatia contains both p-glucuronidase and sulfatases. 
Eberlein (l) has demonstrated that the A -Sp-OH steroids are present 
in cord blood mainly in sulfated form, and it was found that the use 
of the Helix pomatia enzyme alone did not achieve complete hydrolysis 
of the steroids present in the biological fluids studied. A second 
stage involving a solvolytic procedure (12) was essential. 

To test the completeness of hydrolysis by the two-stage 
process, the residual hydrolysate after extraction with ether :ethyl- 
acetate was further extracted with butanol to remove any material 
still; conjugated. The butanol extract was evaporated to dryness, 
taken up in water and the two stage hydrolysis repeated. This 
procedure was carried out 6 times on infant urine and no detectable 
spots were produced after spraying the chromatograms finally produced 
from the extracts. 
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Compounds assayed, together with their abbreviations, 
trivial names and the source of origin of the standards 
used. (Given in order of increasing polarity). 



Pregnenolone (Preg) 
Dehydroepiandrosterone (DHA) 

21-Hydroxypregnenolone 
(21-OH-Preg) 

Androstenediol (AD) 

l6-oxoandro8tenediol (16-0-AD) 

l6a-Hydroxydehydroepiandros- 
terone (16-OH-DHA) 



16a-Hydroxypregnenolone 
(16-GH-Preg) 

Pregnenetriol 

Pregnane triol 

Androstenetriol (AT) 



(a) 



(a) 



3p-hydroxyprejgn-5-en-20-one . 
3p-hydr oxyandro 8 1- 5- en- 1 7- one 

Unknown SbCl, staining compound. 

' ^ (b) 
3p, 21-dihydroxypregn-5-en-20-one 



3p,17a(and 17p)-dihydroxyandrost-5-en 
3p , 17p-dihydroxyandrost-5-16-one 

vd / 

3p,l6a-dihydroxyandrost-5-en-17-one 

Unknown SbCl^ and blue tetrazolium 

staining compound 

3p , 16a-dihydroxypregn-5-en-20-one 

^ (b) 

3p , 17a, 20a-trihydroxypregn-5-en 

(b) 

3a, 17a, 20a-trihydroxy-5p-pregnan 
3p , 16a, 17p-trihydroxyandrost-5-en 



(b) 
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Koch-Light Laboratories Ltd., Colnbrook, England. 
Medical Research Council Reference Collection. 
Synthesized by P.J. Sykes and R.W. Kelly. 



(d) 



Drs. D. Fukushima, P.J. Sykes and R.W. Kelly. 



Pr^U mtnarv purification. With the thin- layer chromatography systems 
used, it was found that the ether: ethyl acetate extract of urine and 
the ethanol tether (see later) extracts of amniotic fluid and blood, 
needed only alkali, mild acid and water washes. 

Thin- layer Chromatography . In order to achieve adequate separation 
of the antimony trichldride (see later) staining compounds which 
appear to be important in the biological materials studied, a 
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procedure of chromatogram devel piaent using multiple solvent runs 
was designed using the same or different solvent systems. Multiple M 
running with systems giving low Rf values was found to give better p 
separations than the more normally used single stage development 
procedure. In all cases plates were prepared using silica-gel and 
the following solvent systems were selected for user- 
System A - Chloroform 

System B - Chloroform • absolute ethanol (95:5 v/v) 
System C - Chloroform: absolute ethanol (90:10 v/v) 
System D - Benzene : absolute ethanol (96:4 v/v) 
System E - Cyclohexaner ethyl acetate (50:50 v/v) 

Compounds which proved difficult to separate either from each other 
or from interfering chromatogenic material were:- 

1. DHA from Preg 

2. Ui from 21-OH-Preg 

3. 16-O-AD from 16-OH-DHA 

4. AT 

The use of System D will satisfactorily separate the substances 
listed under 1 and 3 but not those under 2, separation of these may 
however be achieved by using System A. The desired properties of the 
two systems may be combined by running the plates three times in 
System A then three times in System D; the resulting separation then 
produced for infant urine is shown in Fig« 1, 

Since AT is considerable more polar than the other compounds to 
be assayed, when adequate distribution of the main group is obtained 
AT moves only a short distance from the origin and is poorly separated 
from neighbouring substances. A second chrcnaatogram must therefore be 
prepared and run in the more polar solvent system C. 

Fig. 2 shows the separation achieved for infant urine after two 
runs in this system. It will be seen that pregnanetriol is also 
separated, staining as a yellow band. Quantitative information on the 
content of this steroid in infant urine can be of considerable diagnostic 
importance in addition to the measurement of the steroids, in cases of 
the adrenogenital syndrome. 

In adult urine there is qualitatively and quantitatively less 
steroid present, and unlike infant urine, pregnenetriol assimies quantit- 
ative importance, but in the systems designed for infants an unidentified 
band staining with antimony trichloride is not separated from pregnene- 
triol. For adults therefore, the problems of separation are different but 
less complex and a procedure utilizing a single chromatogram has been 
chosen. 

The plates are run once in System E, then twice in System B and 
it will be seen in Fig. 3 that AT and pregnanetriol move sufficiently 
far from the origin to be separated and measured, but 16-OH-DHA and 
16-O-AD are not separated. This disadvantage may easily be overcome if 
necessary, by carrying out additional runs in the systems designed for 
infants. 
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Figure 1. A typical 20 x 20 cm. thin-layer chromatography plate 
for the assay of the following compounds in infant urine: 
A, pregnenolone; B, DHA; C, unknown 1; D, 21- OH- pregnenolone; 
E, androstenediol; F, 16-oxo-androstenediol; G, 16-OH-DHA; 
H, unknown 2; I, 16-OH. pregnenolone. The Position of andros- 
tenetriol (not assayed) is shown at J. Samples of 16-OH-DHA were 
run in positions 1 (1.25 jUtg), 5 (3.75 /4g) and 7 (5.0 fig). Samples 
(2 3 ug) of all the steroids measured (unknown compounds apart; 
were run in position 3. Duplicate extracts of urines collected 
from the same baby on days 1, 2, 3, 4. 5 and 6 of life were run 
in positions 2, 4, 6, 8, 9 and 10. The plate was sprayed with 
antimony trichloride followed by heating. 
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Figure 2. A typical 20 x 20 cm. thin-layer chromatography plate 
for the assay of androstenetriol (X) in infant urine. The 
position of pregnanetriol, if present, is shown at Standard 
samples of androstenetriol were run in positions 1 (1.25 iJg) , 
3 (2.50 jUg), 6 (3.75 tJ%) and 9 (5.0 /lj(g). Urine extracts run 
in duplicate in positions 2, 4, 5, 7, 8 and 10 were the same as 
shown in Fig. 1. The plate was sprayed with antimony tri- 
chloride followed by heating. 
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Figure 3. (Above). Part of a typical thin- layer chromatography 
Plate for the assay of the following compounds in adult urine. 
A. B. androsLnediol; C. 16-OH-DHA and 16-oxo-andro8tene- 

diol; D, iregnenetriol; E. pregnanetriol ; F. -"f^f «f ^'^f^: 
Standard slerSids were run in positions 1 (1.25 «g). 3 (2.50 fig), 
5 (3.75 Ug) and 7 (5.0 Mg)- Duplicate extracts pf, urines from 3 
different adults were run in positions 2. 4 and The plate wa 
sprayed with antimony trichloride followed by heating. 

(Below). The recording produced by run 4 when scanned in a photo- 
electric reflectance densitometer. 
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Staining technique ♦ Spraying the thin- layer chromatograms with 
antimony trichloride in chloroform solution followed by heating 
at 110^ for 5 min. produces a red colour with A^-3p-hydr xysteroids 
(13). This reaction was selected as being the most suitable both 
with regard to specificity and quantitation of the compounds to be a 
investigated* It has previously been used for the quantitative 
assay of cholesteryl esters on silica-gel plates (14)« 

Details of the Method . 

Hydrolysis and Extraction 

1. Urine 

(a) Hydrolysis 

(i) See Table 2 for the volumes to be taken* 

(ii) Adjust to pH 11.5 with 4N NaOH* 

(iii) To precipitate sulfate ions which may interfere with 
enzyme action add 10% BaCl^ (w/v) until no further 
precipitation is obtained* 
(iv) Adjust to pH 5 with SOX HCl (v/v). 
(v) Add 10% of the volume of 5N acetate buffer (5N acetic 
acid, 5M sodium acetate, 2:3, v/v)* 
(vi) Add 0*1 ml* of the succus entericus of Helix pomatia 
per 20 ml* urine* Incubate at 37^ for 24 hr* 
(vii) Repeat (vi)* 

(b) Extraction 

(i) Extract twice with 2 volumes of ether: ethyl acetate 
(2:1, v/v)J 

(ii) Wash the extract repeatedly with 10% of the volume of 
N NaOH until the washings are clear* 
(iii) Wash -once with 10% of the volume of water with 2-3 drops 
of acetic acid added* 
(iv) Wash once with 10% of the volume of water* ^ 
(v) Evaporate to dryness on a rotary evaporator at 45 * 
(vi) Transfer the extract with chloroform into a small tube, 
dry down under nitrogen. 

(c) Solvolysis 

(i) Bring the aqueous phase from b (i) to pH 1 with 50% 
H2SO4 (v/v). 

(ii) Saturate with ammonium sulfate, 

(iii) Extract twice with 1 volume of ethyl acetate, incubate 
the extract at 38® for 24 hr* 

(iv) Repeat b (ii to vi). The solvolysis extract is combined 
with the enzyme freed extract in the same tube. 
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ill tube, 

1 50% 

Incubate 
I combined 



TABLE 2 

V lumes of urine, extract etc. required 
at various stages in the technique. 



Yoluxae normally 
taken 

Volume of ethanol 
used for dissolving 
extract iyl) 

Volume of ethanol sol. 
normally required per 
chromatogram spot CpiJ 

Preg 
DHA 

^1 

21-aH-Preg 
AD 

16-0- AD 
16-OH-DHA 

16- OH- Preg 

Pregnenetriol 

Pregnanetriol 

AT 



Infant urine Adult urine 

1/16 
24 hr, spec, 

500 



100 - 200 
100 - 200 
10-40 
10 - 40 
10-40 
10 - 20 
10 - 20 
10 - 20 
10 - 20 



10 - 20 



Amniotic 
fluid 

1/60 

24 hr, spec. 100 ml 



160 



140 



Umbilical 
cord 
plasma 

10 ml 



100 



20 



20 



20 



50 

50 

20 

20 

20 

20 

20 

20 

20 



20 
20 
20 



40 



2. Amniotic Fluid and Umbilical Cord Plasma 



50 

50 

50 

50 

50 
50 
50 
50 
50 



50 



SUSif S; ecb^oUc .olu.l». and e..por«. dr,™e„ 
<,) :Sd%o''Mn"Sred".te/.»d extras clce .UK ao «1. 

ether. 
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(vi) The extract contains the free steroids and because of 
fatty impurities it is not suitable for thin-layer 
chromatography and is normally discarided* If required for 
other purposes it may be further treated as under lb (ii-vi). 
(vii) Hydrolyse and extract the aqueous fraction from (v) as for 
urine* The final extract will contain the conjugated 
steroids* 

Thin-layer Chromatography * Silica-gel is spread onto 20 x 20 cm plates 
to a thickness of 0*25 mm* No activation is required but the plates 
are allowed to stand for at least 24 hr. at rocm temperature before use* 
Extracts are "spotted" onto two prepared plates in the amounts shown in 
Table 2. Duplicate extracts of up to 6 urines may be rxrn on each plate 
(see Figs* 1 - 3). Care must be taken to ensure that all the spots are 
as nearly as possible 0.5 cm diameter* The spot pairs are interspersed 
with spots containing 1.25, 2*50, 3.75 and 5.0 pg of 16-OH-DHA (for 
infant medium polarity compounds), AT (for infant high polarity compounds) 
and DHA and 16-OH-DHA (for adult compounds), to be used for 
quantitative calibration* One spot containing 2*5 /J(g of each steroid 
to be assayed is also prepared to check the quantitation of each steroid* 

The plates thus prepared are placed momentarily in a highly 
polar development system (ethyl acetate :methanol, 3:1 v/v) to "run up" 
the spots approximately 0.5 cm, so that bands are produced instead of 
circles* This procedure is repeated a second time, allowing the plate 
to dry in between* Very narrow bands of material are thus produced, 
making it possible to achieve maximal chromatographic separation* 

The solvent systems used for development have been described in 
a previous section. Multiple runs are carried out by drying the plates 
in air after development in one system, then immediately placing them 
for a further r\m either in the same or in another system* Details of 
development are as follows: 



Colour Development * The fully developed plates are sprayed evenly 
with a saturated solution of antimony trichloride in chloroform and 
heated for 5 min* in an oven with an even temperature of 110 * The 
colours formed will fade after several hours in the open air but if 
the chromatograms are covered with a glass plate they may be kept 
successfully in the refrigerator for several days. It is however 
recommended that they be scanned as soon as possible* 



infant urine ) 
cord plasma ) 
amniotic fluid ) 



for medium polarity compounds (3 x System 

(3 X System 

for AT 2 X System 



A 
D 
C 



adult urine 



(1 X System 
(2 X System 



E 
B 



Quantitation* Each developed chromatogram spot is scanned in succession 
in the thin-layer scanner using reflectance, a slit 1x7 mm and the 
no* 490 filter (max* transmission 490 m/i). The base-line is drawn in 
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K» fni- Standard steroids run on tbin- 
Figure 4. Calibration S^phs Jor^«ta^J trichloride, scanned 

ira%enS'5::;i"o:tre? the areas under the pea.s 

measured by planimetry. 

a -^-o. tPiB 3) and perpendicular lines are 
on the resulting recorder «**^^^23 ;re measured by planimetry. The 
inserted to divide each P«»^' "*;'3^;"ecause no correction can then 
integrator on the scanner is not J'^J* ^^^i sloping. A standard 
be made for a base-line vhich is of'^^^^J^lJ; standard 16-OH-DHA peaks 
curve is constructed f ^ ":t^?:':;iS:tLdard run are dra^ for 
and similar graphs based on Jje single ^^^^ used for 

b"r..vr..:.ur™ " 

dards). 
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RESULTS 

Method Evaliiatlon 

Accuracy and Specificity , As a measure of accuracy (the concordance 
between the determination and the true value of the quantity measured), 
the recovery of DHA from DHA sulfate has been determined. DHA sulfate 
(250 jjg) was added to 10 ml. of pooled 1 - 3 day old infant urine and 
after hydrolysis and extraction l/50th of the extract was chromato- 
graphed and assayed. The average recovery for 6 experiments was 
80f7o + 6.2 (S.D.). 

The antimony trichloride reaction used for colour development 
was thoroughly investigated to determine its specificity (the ability 
of a technique to determine solely the compound it purports to 
measure). The preliminary purification and separation stages of the 
method were chosen purposely for their simplicity and ease of opera- 
tion, and consequently the substances to be assayed are not obtained 
on the chromatograms in pure form; the specificity of the colour 
reaction is therefore important. 

The fluorescence producing reactions of antimony trichloride 
are very unspecific (15) but the reaction considered here produces in 
normal light, specific colours for certain groups of steroids when the 
amount of each steroid on the chromatogram is less than 10 /4g. 

Table 3 indicates the various colours which were found to be 
produced; some others have been reported previously (13, 16, 17). 
With the exception of the estrogens (removed in the preliminary 
alkali wash) most of the major biologically common groups of steroids 
are represented and it will be seen that all the 3p-0&-A^ steroids 
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give a strong colour except when a 7-oxo group is present. Compounds 

with a 7-OT group are readily distinguished by their producing an 

4 

immediate turquoise colour without heating. Hone of the 3-oxo-A 
steroids listed gives a colour except epitesto8tfl3tne(17o-hydroxyandro8t- 
4-en-3-one) which produces a blue colour, and a yellow colour is 
produced by a A^** steroid. Amongst the saturated steroids, only a 
60-OH steroid gave an orange colour, all others tested produce either 
a weak yellow colour or no colour at all. Pregnanetriol gives an 
intense yellow colour by which it may be assayed. If careful 
consideration is given to the data in Table 3 and chromatogram 
development systems are carefully chosen, the antimony trichloride 
reaction on thin-layer chromatograms can in practice be very specific. 

Extracts from the biological materials under investigation 
were run firstly in one direction using the systems normally used, 
and then a second development was carried out at 90® to the first 
using the following thin- layer chromatography solvent systems: 
chloroform: absolute ethanol (95:5, v/v) 
ethyl acetate: water saturated with n-hexane: 
glacial acetic acid: absolute ethanol (72:13.5:10:4.5, by vol.) 
cyclohexane: ethyl acetate (50:50, v/v) 

cyclohexane: ethyl acetate: absolute ethanol (45:45:10, by 
' vol . ) 

In no case could an interfering chromogen be separated from a 
spot normally assayed. In addition, after completing "standard" runs 
of extracts, the separated spots were acetylated by spraying the plates 
with acetic anhydride: pyridine (50:50, v/v); after standing for 2 hr. 
they were then "run up" at 90° to the line of the first development, 
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urinary assays reported in this paper* Table 4 shows the results 
obtained* 

TABLE 4 

Precision » as shown by the concordance of areas 
under the peaks of chromatogram scans. 



Compound No. of duplicate Average area Standard deviation I 

assayed assays (planimeter of the area (%)* 

readings) 





22 


81 


7.3 


21-OH-Preg 


22 


43 


8.9 


AD 


11 


95 


8.5 


16-0- AD 


22 


252 


4.5 


16-OH-DHA 


22 


211 


7.6 




17 


85 


7.0 


16-OH-Preg 


22 


245 


4.4 


AT 


22 


162 


5.7 



* The standard deviation has been calculated from the 
/Sd2 

formulay ^ where d = % difference between duplicate 
areas and M « no. of duplicate assays. 

Labour involved . Working a normal 8 hr. day, it is possible for one 

reasonably skilled technician to assay 6 specimens each week. 

Findings in normal individuals 

2 

Table 5 compares the excretion (in ^/24 hr/m ) of the major 
identified steroids and two unknown steroid- like compounds 
(measured in terms of the chromogenicity of the A^ steroid nearest in 
polarity, 21-OH-Preg and 16-0-AD) in the day-old infant with that found 
in normal adult males. AD, 16-0-AD, 16-OH-DHA, 16-0H-Preg and AT have 
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ex<„ th.lr « ..U" in ..«r.l m..l.^r cbro^togr.ph, .,.t». »d 
.i. .peciaclt, .f th. trlcbl.rld. .t.i,.l« bi»d.. 

T.bl. 6 .be" tb. .«r.tlo. d«rl« tb. flr.t £«■ d.,. .£ M. 't 
^ e .e.po«.d. .b,«. I. leVle 5 t, b. pro.l.«>t 1. ln£~t »n.e; Iher. 
«. . .,n.lder.ble V.rl.tl». i. th. ...reti«. el .«=>. 

separate individuals. 

The e.«etl». 1. 2 c..e. e£ the .dr«.e,«.lt.l 1. .h«. 

in Table 7. 

TABLE 7 

URIHARY EXCBETIOH OF STEROIDS^ TWO CASES OF 
"^^^ THE ADRBMOGENITAL 8WDR0ME 

(Mg/24 hr) 

CASE 1 

STEROID age<* 2 days 

150 

21-Hydroxypregnenoione (21-OH-Preg) 
Androatenedlol (I7a and 17?) (AD) 150 

16-oxoandro8tenediol (16-0-AD) ^ 

l6-HydroKydehydroepiandro8terone (IS-OH-DHA) 100 

le-Hydroxypregnenolone ( 16-OH-Preg) 

/»-.\ 200 

Androstenetriol 



Total 



2,250 



CASE 2 
aged 7 days 

1,350 

1,350 

638 

6,750 

7,425 

995 

14,925 

1,460 

34,893 



DISCilSSI(» 



The rel.tl«l, l.r,. —her e£ a' .t.reld. p...eht 1. the 
biel »lc.l -terUl bel., ...eyed «^ the -»11 ,«»tlt, oi erl,t«l 
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material available, led to the choice £ a single technique which 
would maintain a reasonable degree of reproducibility while measuring 
all the compounds required^ with a fairly high degree of specificity. 
The chromatograms produced also give a comprehensive indication of the 
amounts of other steroid-like compounds present) and this feature 
is important in view of the large number of these compounds and the 
present lack of knowledge as to their identity and importance. 

All the steroids on the chromatograms which have been referred 
to by name have been identified before either in infant urine or fetal 
blood or tissue: 

Preg (1,18), DHA (3,7), 21-OH.Preg (1,19), AD (1,2,9,20). 
16-0-AD (9,21,22), 16-OH-DHA (2,5,7,8,9,23,24,25), 
16-OH-Preg (1,2,5,8,9,24), AT (2,5,9,20,25,26). The bands labelled 
and together with the other unlabelled bands shown in Figs. 1 and 2 
remain to be identified. In the present investigation only the last 
five compounds mentioned by name above (the major identified steroids 
in infant urine) have been fully characterized. AD includes both 17a 
and 17p androstenediol, separation of the eplmers only being possible 
after further chromatography. 

The precision obtainable is adequate for the purposes for which 
the technique is designed. The standard deviations shown in Table 4 are 
true for single assays, when in practice the average of duplicate 
measurements is used the precision is considerably increased. 

The excretion of such a large quantity and variety of A^ steroids 
in early life is undoubtedly related to the low activity of 3p*hydroxy 
steroid dehydrogenase which is known to obtain in the fetus and which 
must persist during early childhood. Similarly the high rate of 
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by the fetus for aromatisation in the placenta. IS-OH-Preg however la 
n t an immediate precursor of estrogen but is possibly derived, as is 
16-OH-DHA, by 16 hydroxy lation in the liver of the parent compound 
produced by the adrenal (20). The reported levels of pregnenolone in 
fetal blood vary considerably (23 /J(g/100 ml., (l); 45 pg/lOO ml., (18); 
200 /ig/100 ml., (28)). It can be utilized by the placenta for progest- 
erone production (29) and by the fetal adrenal for DHA production (30). 
Further work is required to elucidate the reason for its considerable 
quantitative significance as indicated by the large amount of 16-OH-Preg 
excreted in infant urine. 

In 2 cases of the adrenogenital syndrome whose results are shown 
in Table 7, there is a selective increase in the excretion of 16-OH-Preg. 
Case 1 shows a reduction in the excretion of the other compounds measured, 
21-tetrahydroxypregn-5-en-20-one in cord blood (1). If, in the normal 
infant, excess corticotrophin is being produced to stimulate normal 
Cortisol production in the face of a lack of 3p-hydroxy dehydrogenase, 
but Case 2 shows a considerable increase in all compounds. Reynolds 
(31) has measured 16-OH-Preg and 16-OH-DHA excretion in cases with 21- 
hydroxylase deficiency and has shown that during the first few months 
of life the ratio of 16- OH- Preg/ 16-OH-DHA is increased from a normal 
average of 3:2 to 10:1 in the adrenogenital group. As for normal 
infants he found that both steroids were almost undetectable in the 
urine of patients aged over 5 months. The marked increase in 16-OH- 
Preg excretion in the cases reported here, together with the findings 
of Reynolds would seem to indicate tkiit in the patients studied there 
was for some reason a relative inactivity of 17-20 desmolase. It is 
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aifficult to suggest a reason for this and further study is required. 
The considerable difference from nonual in the excretion of A steroids 
by cases of the adrenogenital syndrome indicates the importance of 
their assay in the investigation of such disorders. 

work carried out in recent years has uncovered the existence 
of comple. interrelationships in the steroid metaholism of the mother, 
the fetus and the placenta (9). but much of this work has so far only 
been qualitative. The steroids certainly play a major role and the 
„,e of the technique described, should expedite work on the quantitative 
relationships of these steroids in the feto-placental unit and in the 
newborn, and facilitate the isolation and identification of more 
compounds. As thin-layer chromatography forms the basis of the 
separations, the chances of transformation, destruction or artifact 
formation taking place are considerably less than would be likely with 
the alternative gas-liquid chromatography. 
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STEROID EXCRETION AND BIOSYNTHESIS WITH 
SPECIAL REFERENCE TO Ci9-^^«-STER0IDS IN AN INFANT 
WITH A VIRILIZING ADRENOCORTICAL CARCINOMA 

By y 

D. B. Gower, /. R. Daly'', G.J. A. L Snodgrass'' 
and Margaret I. Sterrr^'^ 

ABSTRACT 

A case of a 15-month old girl with a virilizing adrenocortical carcinoma 
is described. Three Cig-J'^-steroids, 3a-hydroxy-5a-androst-16-ene, 3a- 
hydroxy-5/?-androst-16-ene and 3/?-hydroxy-androsta-5,16-diene, have 
been obtained from the glucuronide fraction of the urine and identified 
by column and gas-liquid chromatographic techniques. Estimation of 
these compounds, not normally present in infants' urine, showed that 
adult female amounts were being excreted, although post-operatively very 
little was detected. Androsterone, aetiocholanolone and especially de- 
hydroe/iiandrosterone were present in excessive amounts preoperatively; 
approximately one-third of the dehydro^piandrosterone was excreted as 
glucuronide, the rest as sulphate. The adrenal tumour metabolized [4-i*C] 
pregnenolone and [A-^*C] progesterone to 4.7 and 0.15 o/o respectively 
of 3^-hydroxy-androsta-5,16-diene. The evidence for biosynthesis of this 
compound from progesterone supports that obtained by other workers for 
the production of A^- from /l^-steroids. Labelled androstenedione was 
also obtained from both substrates and 11^-hydroxyandrostenedione from 
progesterone. Only small quantities of radioactivity were recovered in the 
glucuronide and sulphate fractions from the tissue incubations. 

Functioning tumours of the adrenal cortex are rare in childhood. Over the last 
hundred years only 250 cases have been reported since the original patient of 
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pitman (1865) and Ogle (1865). The experience of even large centres has been 
limited to only a few cases. Four . examples were found out of 82 220 in- 
patients in one hospital over 26 years by Garrett (1951). Twelve further cases 
occurred in the Mayo Clinic over a 30 year period {Hayles et al. 1966). This 
^i-oup also reviewed 222 other cases from the literature and found that the 
tumours were usually malignant and that virilization was the commonest 
clinical presentation. Recently, the case of a girl of 15 months, showing signs 
of masculinization due to a hormone producing tumour of the right adrenal 
gland has been described (Sekouri 8c Dardougia 1968). The tumour was re- 
moved in toto and histological examination revealed an adrenal carcinoma. 
The child's subsequent course was uneventful. No biosynthetic studies were 
carried out on the tumour, but urinary 17-oxosteroid and 17-hydroxycortico- 
steroid values were similar to the results presented here, both pre- and post- 
operatively. 

Except for the more recently reported cases, biochemical data has been 
scanty. In cases of carcinoma where virilization is pronounced and the urinary 
excretion of 17-oxosteroids high, the main steroid metabolite recovered in the 
urine is usually DHA'^ A considerable number of steroids has been detected 
in the urine of such cases, and the present report concerns an infant with 
an adrenocortical carcinoma who , excreted Ci9-z!*^-steroids. Although 3a- 
androstenol is a normal constituent of the urine of both adult males and 
females {Brooksbank 8c Haslewood 1961), it has not previously been detected 
in the urine of infants {Gower, unpublished) nor of pre-pubertal children 
[Cleveland 8c Savard 1964). 3o;-androstenol excretion may be increased in cases 
of adrenal tumour {Burstein 8c Dorfman 1962; Gower 8c Stern 1969), adrenal 
hyperplasia {Mason 8c Schneider 1950), and luteoma of the ovary {Engel et aL 
1933), 3a-androstenol was detected in the urine of our patient together with 
small quantities of two oth^r Cig-zj^^-steroids, aetiocholenol and androstadienol, 
also not previously detected in the urine of a child. Burstein 8c Dorfman (1962) 
have shown that cholesterol and pregnenolone are precursors of 3a-androstenol 
in vivo in a woman with virilizing adrenal adenoma. Gower 8c Stern (1969) 
found that pregnenolone was metabolized to androstadienol, and progesterone 
to androsta-4,16-dien-3-one by adrenal carcinoma minces. It was of interest, 
therefore, to measure Cig-zl^^-steroid excretion in the present case and to study 
the formation of this group of steroids by the diseased adrenal tissue. 

Of additional interest was the hypertension in our patient which was re- 
lieved following removal of the tumour. 1 -Oxygenated steroids were detected 

* Abbreviations used are as follows: 3^-androstenol, 3/?-hydroxy-5a-androst-16-ene; 
3a-androstenol, 3a-hydroxy-5a-androst-16-ene; aetiocholenol, 3a-hydr6xy-5j?-an- 
drost-16 -ene; androstadienol, 3^-hydroxy-androsta-5,16-diene; DHA, dehydroepi- 
androsterone. 
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in the patient's urine pre-operatively, but were not present in the post-opera- 
tive samples. These compounds have been detected previously in human urine 
on two occasions; both patients were infants with hypertension {Edwards et o/. 
1968). The details of the 1 -oxygenated steroid excretion in the urine of this 
patient will be published elsewhere. 



CASE HISTORY 

The patient, a girl, was delivered normally at home at 36 weeks gestation. 
The birth weight was 2500 g. She was the second child of young parents. 
The elder sibling, also a girl, is completely normal. The pregnancy had been 
complicated by a threatened abortion at 8 weeks gestation but no hormonal 
preparations were given at any time. 

The parents thought the clitoris was unduly prominent at birth but the 
attending personnel did not comment on this. No other abnormalities were 
noted at this time. 

Although the child thrived, her mother noticed that the clitoridal enlarge- 
ment had increased relative to her general growth by the age of 6 months. 
She did not seek medical aid then nor even when pubic hair began to appear 
at the age of 8 months. Under pressure'from her relatives, the mother sought 
paediatric advice when the patient was aged one year. 

On admission she was found to be a muscular child of a strikingly out- 
going temperament. Mental development was normal for her age. A discrete 
acneiform rash was present over the forehead and hirsuties were noted over 
the paravertebral region as well as the limbs. Surprisingly, considering the 
evidence of virilism, her supine length was only 73.6 cm (50th percentile) but 
she weighed 11.2 kg (90th percentile). The head circumference was normal at 
47.9 cm. 

Detailed examination of the genitalia revealed scanty, coarse and curly 
pubic hair of a feminine distribution. The clitoris was 2 cm long. The labia 
majora and minora were enlarged, the vaginal and urethral orifices normally 
situated. Rectal examination confirmed the presence of a uterus. 

The only other abnormality noted in any system was a persistently elevated 
blood pressure. At the initial examination this was 160/85 mmHg but had in- 
creased to 180/110 mmHg prior to operation. 

A buccal smear was chromatin positive and 3 Vo of the neutrophils showed 
drumstick formation. 

Operation • • tTi 

The abdomen was explored via a right upper para-median incision. Ihe 
left adrenal was first exposed and found to be normal in size and appearance. 
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f^o recognisable adrenal tissue was seen on the right side. Instead there was 
3 well encapsulated tumour the size of a hen's egg. This was removed and 
found to weigh 50 g. No invasion of the para-renal tissues was seen, nor ex- 
tension into the local vasculature. Peripheral venous and right adrenal vein 
blood was obtained before removal of the tumour. Microscopical examination 
of the tumour (Professor J. G. Sloper) showed it to have a thin fibrous capsule 
and to be composed of sheets and trabeculae of large cells mostly eosinophilic 
and granular. There was no suggestion of zonal arrangement. Considerable 
nuclear pleomorphism was seen and also scattered areas of calcification sug- 
gesting the tumour had been present for some time. The diagnosis was that of 
adrenocortical carcinoma. 

post-operative management 

The patient was maintained on intravenous fluids and gastric suction for 
5 days following operation, Cortisol 60 mg was given by this route over the 
first 24 h and 30 mg and 15 mg over the following 2 days. Simultaneously, 
ACTH 60 units was given daily by continuous infusion for a total of 5 days. 

Recovery was rapid thereafter and she was discharged home three weeks 
later, well and receiving no medication. She has remained well since that time 
(2 years). ^ 

EXPERIMENTAL 
Materials and Methods 

Purification of solvents, preparation of alumina and Kieselgel G used for chromato- 
graphy have been described earlier (Gower 8c Ahmad 1967). 

For the investigation and analysis of J^^-steroids, androsterone, aetiocholanolone 
and DHA in urine, samples were processed as described earlier {Gower 8c Stern 1969) 
and hydrolysed extracts chromatographed on columns of alumina (Brooksbank 8c Gower 
1970). Two fractions were obtained using 41-90 ml and 91-150 nil of a mixture of 
iight petroleum (80-100°C):benzene (1:1, v/v). The first of these normally contains 
3a-androstenol and the second aetiocholenol and androstadienol [Brooksbank 8c Gower 
1970). Gas-liquid chromatography (GLC) of the chloromethyldimethylsilyl (CMDS) 
ethers of zl^^-steroid fractions was performed as described by Brooksbank 8c Gower 
(1970). For further identification the bromomethyldimethylsilyl (BMDS) ethers were 
also prepared using a modification of the method of Thomas 8c Walton (1968). Fol- 
lowing these non-polar fractions, androsterone, aetiocholanolone and DHA were eluted 
together from alumina using 75 ml of benzene containing 0.5 Vo of ethanol and were 
estimated by GLC of their trimethylsilyl ethers (Kirschner 8c Lipsett 1963). 

Other methods used for the estimation of urinary steroids are given in Table 1. 

Plasma testosterone was measured by the method of Collins et al. (1968). 

h vitro studies 

1 g portions of minced adrenal tumour tissues were incubated for three hours in 
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5 ml Krebs bicarbonate buffer, pH 7.3-7.4 with 1.5 ^Ci each of [4-"C] pregnenolone 
(specific activity 24 mCi/mM) and [4-"C] progesterone (specific activity 58.5 mCi/mM) 
and co-factors as described earlier {Gower 8c Stern 1969). After incubation and ex- 
traction with 3 X 5 ml ethyl acetate, 50 jWg of each of the following carrier steroids 
was added: 3a- and 3^-androstenols, aetiocholenol, androstadienol, 3-hydroxy-oestra- 
1, 3,5(10), 16-tetraene, androsta-4,16-dien-3-one, androstenedione, DHA, progesterone 
pregnenolone and testosterone. The pooled ethyl acetate extract was evaporated to 
dryness under reduced pressure, on a warm water bath. The pH of the remaining 
aqueous mixture was adjusted to approximately 2,0 with concentrated HCl, ammonium 
sulphate (1:2, w/v) was added, and extraction carried out three times with ether- 
ethanol (3:1, v/v) {Edwards et al. 1953). The organic solvent was evaporated to dry- 
ness. 15 ml of 0.1 M acetate buffer (pH 4.5) and 2 ml Ketodase (William R. Warner 

6 Co. Ltd., Eastleigh, Hants., England) added to each flask and the mixtures were 
incubated at 37^C for 48 h. After adjusting the pH to approximately 1.0, the aqueous 
mixture was extracted three times with 10 ml ether, and the ether evaporated. This 
extract was designated the G (Glucuronide) fraction. The remaining aqueous portion 
was solvolysed according to Magendantz 8c Ryan (1964). The resulting ethyl acetate ^ 
was evaporated to dryness and designated the S (solvolysed) fraction. The initial ethyl 
acetate extracts and the G and S fractions were chromatographed on alumina, essen- 
tially as described earlier (Gower 8c Ahmad 1967) unless the radioactivity was too 
small for further studies to be performed. 

Separation and tentative identification of radioactive metabolites was achieved by 
submitting each alumina column fraction to thin layer chromatography followed by 
radioautography and preparation of derivatives, where possible, as described in detail 
earlier {Gower 1966; Gower 8c Stern 1969). It was possible to characterise one A^^- 
steroid metabolite by column chromatography (see Results section). 



RESULTS 

U rine 

Results obtained from analysis of urine are given in Table 1. Total 17-oxo- ^ 
steroids were markedly raised and gradient elution chromatography showed I 
the presence of a considerable quantity of DHA. GLC revealed that one-third 
of this quantity was excreted as glucuronide. These values had returned to 
normal one year after operation. Oestrogen excretion was small in amount and 
pre- and post-operative values did not differ markedly. Pregnanetriol was 
found in each urine specimen examined, still being present a year after opera- 
tion, at which time pregnanediol was only just detectable. Pre-operatively, 
urinary testosterone gave a value in the normal adult female range but de- 
creased post-operatively. Pregnenetriol before operation was only just de- 
tectable. 

Investigation of Cjg-A^^-steroids 

Figs. 1 and 2 show the GLC tracings obtained by chlorosilanisation of 
the »J*^-steroid« fractions obtained from alumina. The »androstenol« fraction 
contained a compound with a retention time (RRT) similar to that of the 
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mtz 8c Ryan (1964). The resulting ethyl acetate 
ited the S (solvolysed) fraction. The initial ethyl 
:tions were chromatographed on alumina, essen- 
Ahmad 1967) unless the radioactivity was too 
med. 

ion of radioactive metabolites was achieved by 
tion to thin layer chromatography followed by 
erivatives, where possible, as described in detail 
1969). It was possible to characterise one J"*- 
:ography (see Results section). 
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nined, still being present a year after opera- 
was only just detectable. Pre-operatively, 
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Fig. 1. 

(a) GLC of a mixture of the CMDS ethers of 3a-androstenol (peak 1) and and^osta- 
dienol (peak 3); . 

(b) »3a-androstenol« fraction (eluted from alumina and chlorosilanised) obtained after 
hydrolysis of urinary glucuronides of an infant with a virilising adrenocortical car- 
cinoma. Cholestane (peak 4) was added as internal standard. Column: CDMS/JXR 
(0,6Vo/0.75Vo) and conditions as Table 2. 
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Fig. 2. 

(a) GLC of the CMDS ethers of aetiocholenol (peak 2) and androstadienol (peak 3); 

(b) »androstadienol« fraction (eluted from alumina and chlorosilanised) obtained as 
in Fig. 1. Cholestane (peak 4) was added as internal standard. Column: QFj (S^k) 
and conditions as Table 2. 



CMDS ether of authentic 3o;-androstenol, relative to the internal standard, 
cholestane (Fig. 1). The second alumina column fraction contained compounds 
which had RRTs corresponding to the CMDS ethers of aetiocholenol and 
androstadienol. A trace of the CMDS ether of 3a-androstenol, not separated 
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na column fraction contained compounds 
the CMDS ethers of aetiocholenol and 
S ether of 3a-androstenol, not separated 



on alumina, was also present in this fraction (Fig. 2). Proof of identity was 
obtained by GLC on two columns of the BMDS ethers prepared from further 
portions of the alumina column fractions. In each case the RRTs were identical 
to those of the authentic derivatives (Table 2). The data also show that 3^- 
androstenol was absent in this urine, a finding in keeping with the earlier 
w^ork of Brooksbank 8c Gower (1964). 

Estimation of ^^^-steroids in the pre-operative urine revealed that the ex- 
cretion of Sflf-androstenol (0.51 mg/24 h) was equivalent to that of an adult 
woman. In normal infants, the urinary Soc-androstenol is known to be either 
very low or undetectable [Gower, unpublished), and in the present case the 
values of urinary 3o£-androstenol post-operatively were very low (Table 1). 
The levels of aetiocholenol and androstadienol pre-operatively were 6 and 
25 h which are approximately those found in adult women [Brooksbank 

Ic Gower 1970). These compounds have not so far been detected in the urine 
of normal infants [Gower, unpublished). 



Table 2. 

GLC of ^*®-steroids obtained from urinary glucuronide fraction of a child with 
virilizing adrenal carcinoma. Chloromethyl dimethyl silyl (CMDS) ethers were 
run at 190°C and bromomethyl dimethyl silyl (BMDS) ethers at 200°G.. 





Retention times relative to cholestane (—1) 




CDMS/JXR* 






Authentic 
steroid 


Urine 


Authentic 
steroid 


Urine 



CMDS ethers 










3a-Androstenol 


0.415 


0.417 


0,606 


0.604 


Aetiocholenol 


0.488 


0.484 


0.610 


0.613 


Androstadienol 


0,580 


0.582 


0.730 


0.731 


3/?-Androstenol 


0.580 


0.582 


0.795 . 




BMDS ethers 










3a-Androstenol 


0.580 


0.583 


0.750 


0.744 


Aetiocholenol 


0.677 


0.670 


0.786 


0,780 


Androstadienol 


0.840 


0.830 


0.910 


0.916 


3j?-Androstenol 


0.840 


0.830 


1.16 





Columns used: Cyclohexane dimethanol succinate (CDMS)/methyl polysiloxane (JXR) 

(0.6 0/0/0.75 «/o) and fluoralkyl silicone, QFi (5 Vo) with carrier gas 50 ml/min. 
Cholestane times: * 32.5 and 29.8 min at 190^C and 200^C respectively. 

** 35.9 and 33.0 min at 190°C and 200°G respectively. 
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Plasma 

Pre-operatively the level of peripheral plasma testosterone was 142 ng/lOOnj 
and the adrenal venous plasma concentration was 263 ng/100 ml. 

Biosynthetic studies 

The amounts of radioactivity extracted from the adrenal tissue incubationj 
with ethyl acetate and obtained after hydrolysis and solvolysis are shown in 
Table 3. Virtually all the radioactivity was extracted with ethyl acetate and 
there was no residual radioactivity in the aqueous layers after hydrolysis and 
extraction of conjugates. In view of the low content of radioactivity of the 
conjugate fractions, they were not investigated further. The ethyl acetate- 
extractable material, however, was chromatographed on alumina columns as 
described earlier {Gower 8c Ahmad 1967). Only 66.5 »/o and 22.9 Vo respectively 
of the radioactivity from the pregnenolone and progesterone incubations was 
eluted using solvents with increasing polarity up to benzene containing ethanol 
(l«/o) (see Gow€T 8c Ahmad 1967). Elution with ethanol (50 ml) resulted in 
the recovery of a further 6-10 «/o of radioactivity. Only when 50 ml of aqueous 
methanol (1:1, v/v) was used was the remaining radioactivity recovered 
(Table 4). Over 20 o/o was obtained from the pregnenolone and as much as 
58«/o from the progesterone incubations respectively. This has been noticed 
repeatedly using adrenal tissue especially with radioactive progesterone as pre- 
cursor. 



Biosynthesis of A^^-steroids 

Fractions which might contain Ci9-^i«-steroids were obtained by alumina 
column chromatography of the ethyl acetate extracts using 41-150 ml of a 1 
benzene-light petroleum mixture (1:1, v/v) {Gower 8c Ahmad 1967). These 



Table 5. 

Percentage of radioactivity obtained by extraction and hydrolysis of steroid conjugates 
after incubation of adrenal carcinoma with [4-"C] pregnenolone 
and [4-"G] progesterone. 



Precursor 


Ethyl acetate- 
extractable 


Glucuronides 


Sulphates 


Aqueous layer 


Pregnenolone 
Progesterone 


98.3 
98.8 


1.4 
1.0 


0.21 
0.07 


nil 
nil 



Adrenal carcinoma minces were incubated with [4-"C] pregnenolone and [4-|^C]- 
progesterone and extracted with ethyl acetate (3X5 ml). Conjugates remaining 
were extracted, hydrolysed and solvolysed separately and extracted with ethyl 
acetate (3 X 5 ml). • 
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0.07 
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Table 4, 

Elution of ethyl acetate-extractable radioactivity (obtained as in Table 3) 
from alumina columns. 





Fractions I-VI 




Aqueous 




Substrate 


of 


Ethanol 


methanol 




Gower 8c Ahmad 


(50 ml) 


(1:1, v/v, 


Total 




(1967) 




50 ml) 




pregnenolone 


66.5 


6.2 


20.8 


93.5 


[4-1*0] progesterone 


22.9 


10.3 


58.2 


91.4 



Values given are percentages of radioactivity added to the columns. 



\vere evaporated to small bulk and portions removed for measurement of radio- 
activity. The extract from the pregnenolone incubation contained approximately 
nine times as much radioactivity as that from the progesterone incubation. The 
remaining portions were chromatographed on thin layers of Kieselgel G using 
benzene-ether (9:1, v/v) as solvent {Gower 1964). Radioautography revealed 
radioactive zones in both extracts which ran with the mobility of authentic 
androstadienol (Fig. 3 a). Other minor radioactive zones have not been iden- 
tified. The two major zones were investigated further by running them on 
thin layers of silver nitrate-impregnated silicic acid, using benzene-ethyl ace- 
tate (1:1, v/v) as solvent since, under these conditions, androstadienol can be 
resolved easily from 3^-androstenol {Lisboa 8c Palmer 1967). Radioautography 
revealed that in both cases the radioactivity was associated only with the 
marker androstadienol (Fig. 3 b). In order to confirm the identity of this 
metabolite it was eluted from the TLC plate and submitted to chromatography 
on a column containing 3 g alumina (partially deactivated with 4.5 Vo water 
[Gower 8c Ahmad 1967)) and 3 g of Kieselgel H which had previously been 
impregnated with silver nitrate (0.66 g). Using a mixture of authentic androsta- 
dienol and 3/?-androstenol, it was known {Katkov, unpublished) that the latter 
could be eluted using approximately 60 ml of a mixture of benzene-ethyl 
acetate (2:1, v/v). Androstadienol was then eluted with approximately 60 ml 
of benzene-ethyl acetate - ethanol (40:20:1, by volume). Further details of this 
separation will be published elsewhere"^. After an initial bulk fraction (30 ml), 
2 ml fractions were collected until all radioactivity had been eluted. In each 
fraction the radioactivity was measured by liquid scintillation counting and 
the weight of added carrier steroid by GLC {Gower 8c Thomas 1968). Figs. 4 
and 5 show that there was no radioactivity associated with 3^-androstenol, and 



* Katkov T, 8c Fewer D. B.: Biochem, J, (in press). 
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(a) 




- — Origin 




— Oriflin 



Fig. 3. 

(a) Radioautograph (tracing) of radioactive J^^-steroid fractions (eluted from alumina) 
obtained from incubation of [4-"C] pregnenolone (zl^-P) and progesterone (P) 
with virilising adrenocortical carcinoma tissue. Extracts were run on Kieselgel G three 
times in benzene-ether (9:1, v/v). 

(b) Radioautograph (tracing) of the »androstadienol« zones after TLG as in Fig. 3 (a) 
run on Kieselgel G impregnated with silver nitrate. Solvent was benzene-ethyl acetate 
(1:1, v/v). Marker steroids: 1, 5a-androst-16-en-3-one; 2, 3-hydroxy-oestra-l,3,5(10),16- 
tetraene; 3, androsta-4,16-dien-3-one; 4, 3a-androstenol; 5, aetiocholenol; 6, androsta- 
dienol; 7, 3^-androstenoL S. F. = solvent front. 



that radioactivity and mass peaks for androstadienol coincide. The specific 
activity of androstadienol (counts/min//tg) was constant over the peak in each 
case (Table 5) indicating that radiochemical purity had been achieved. Fig. 5 
also shows that there was a small peak of radioactivity eluted from the column 
just after the carrier 3)5-androstenoL It is possible that this may be due to 
androsta-4,l6-dien-3-one formed by oxidation of androstadienol. The ketone 
is known to be incompletely separated from 3;3-androstenol on this column. 

Analytical losses were calculated by expressing the total weight of carrier 
androstadienol eluted from the column as a percentage of the amount originally 
added to the tissue incubation. It was then found that the adrenocortical tissue 
had metabolized radioactive pregnenolone and progesterone to androstadienol 
in yields of 4.7 <>/o and 0.15 o/o respectively. 

Biosynthesis of other steroids 

(a) From [4-^*6] pregnenolone. By running the extracts in three different 
solvent systems on TLG, formation of derivatives and comparison with the 
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Fig. 4. 

Purification of radioactive androstadienol formed by incubating [4-**C] pregnenolone 
with adrenocortical carcinoma tissue. Radioactive androstadienol was isolated by TLC 
(Figs. 3 a and b), carrier 3^-androsteiiol (I) and androstadienol (II) added, and the 
mixture eluted from a column of Kieselgel H impregnated with silver nitrate (see text). 
The weight (o) of carrier steroids was measured by GLG and radioactivity (•) by 
liquid scintillation counting. 
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Fig. 5. 



Purification of radioactive androstadienol formed by incubating progesterone 
with adrenocortical carcinoma tissue. Details as legend to Fig. 4. 
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Table 5. 

Specific activity of androstadienol obtained biosynthetically and purified 
as in Figs. 4 and 5. 



Data from 


Number of 
estimations 


Mean 
(counts/ 
min/^g) 


Range 


SD 


l^oetficient 
of variation 
(Vo) 


Fig. 4 


15 


560.3 


525-650 


34.5 


6.1 


Fig. 5 


12 


117.7 


106-128 


5.8 


4.9 



relevant authentic steroids, tentative evidence for the formation of androstene- 
dione was obtained, and for the presence of unchanged pregnenolone. There 
v/ere several other compounds in small quantities. No evidence was obtained 
for the presence of testosterone, progesterone, DHA, or ll^-hydroxyandro- 
stenedione in detectable quantities. 

(b) From [4~^^C] progesterone. Tentative evidence was obtained for the 
presence of androstenedione and unchanged progesterone as well as 11^- 
hydroxyandrostenedione, by formation of derivatives and running in three 
different TLG systems with the relevant authentic steroid. No testosterone 
could be detected in the extract after incubation. 



DISCUSSION 

To our knowledge, this is the first case of an infant with an adrenal carcinoma 
in which ^l^^-steroid excretion and biosynthesis have been investigated. Pre- 
vious studies have shown that in two virilized women who had an adrenal 
adenoma {Burstein 8c Dorfman 1962) or carcinoma {Gower.-Sc Stern 1969), 
abnormally high amounts of 3«-androstenol were excreted in the urine. The 
urine of our patient contained adult female amounts of 3a-androstenol and 
two other J^^-steroids (aetiocholenol and androstadienol), not usually detect- 
able in infant urine [Gower, unpublished). 

Moreover, evidence was obtained to show that the diseased adrenal could 
produce in vitro relatively large yields of androstadienol from pregnenolone. 
These results are in agreement with those obtained from a former patient 
although the yield of androstadienol was only 0.2 Vo {Gower 8c Stern 1969) 
and from recent in vivo experiments {Brooksbank 8c Wilson 1969). 

The formation of a small amount of radioactive androstadienol from pro- 
gesterone is unexpected, and if this is correct it is difficult to interpret. This 
observation would be explicable if progesterone were converted to pregneno- 
lone, by a reversal of the A^-S^-hyAvo'xysitxox^ dehydrogenase-isomerase 
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system. In recent years, evidence has accumulated to suggest that this can occur 
Sc Engel 1964, 1966a,^;, Rosner et al 1965). 
It is noticeable that, despite the urinary excretion of DHA, this compound 
could not be detected in biosynthetic studies after incubation with [4-**G]- 



pregnenolone. 
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THE IDENTIFICATION OF 
C,y-16-UNSATURATED STEROIDS AND ESTIMATION 
OF 17-OXOSTEROIDS IN BOAR SPERMATIC VEIN 
PLASMA AND URINE 

D. B. GOWER,* F. A. HARRTSONt a:nd R. B. HEAPj 
"^Biochemistry Department, Cray's Hospital 31 ed leal School, London 8. E. 1 
and 'fA.E.G. Institute of Aninml PhT/fti.ology, Babrahanty Cambridge 

WITH APPENDIX BY D. B. GOWER AKB R. L. S. PATTERSON 
{Received 20 January 1970) 



Ci8'16-unsaturated steroids have been 



STJMMABY 

extracted from the urine and 
spermatic vein plasma of a mature boar and identified by thin -layer 
chromatography, gas-liquid chromatography and combined gas-hquid 
chroraatography-mass spectrometry. 5a-Androst-16-en-3^-ol (approxi- 
mately 250 /ig./l.) was identified in the urinary glucuronide fraction. This 
conipouiid and the 3a-epimcr occurred in the spermatic vein plasma pre- 
dominantly as sulphates but a small quantity of the 3a-isumer was extract- 
able with ether prior to hydrolysis of steroid conjuga,tes. Traces of 5,16- 
andjostadicn-3j^-ol have been tentatively identified in the plasma sulphate 
fraction ; 5a-androst-i6-en-3-one occurred as free steroid. No 16-unsati! rated 
steroids were found in the plasma glucuronide nor in urinary sulphate 
fractions. The latter contained an unidentified compound of similar polarity 
to the Ciy-lfi- unsaturated steroids. 

Neutral rv-oxostcroids were measured in extracts obtained from both the 
urine and spermatic vein plasma. Of the dehydroepiandrosteronc (DHA) in 
the lU'ine 60% occurred as sulphate and 40% as ghicuronide with only 
traces as free steroid. Androsterone and aetiocholanolono occurred onl^^ as 
glucuronides. In the spermatic vein plasma, DHA occurred predominantly 
as sulphate with small amounts as glucuronide and free steroid. 

rNTROHnCTTON 

A quarter of a century ago two Cio-i6-unsatarated steroids were isolated from boar 
testes by Prelog & Ruzicka (1 944). In keeping with these early results, the biosynthesis 
of these and other 16-unsaturated steroids in testicular tissue has been well docu- 
mented recently (Gower & Ahmad, 1967; Ahmad & Gower, 1968; Katkov & Gower, 
1968). lO-XJnsaturated steroids have been found elsewhere in the boar and Patterson 
(196Sfl, h) has obtained evidence for the presence of 5a-androstenone in the fat and 
saliva of mature animals. The submaxillary glands contain 3a-andro3tenol (Patterson, 
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19686) and can metabolize pregnenolone to androstadienol in vitro (Gower & Katkov, 
1969a). 

Although the presence of 16-utisatarated steroida on human urine and plasma has 
been described (e.g. Brooksbank & Haslewood, 1961; Brooksbank & Gower, 1970; 
Brooksbaiili, Cunningham & Wilson, 1969; Gower & Stern, 1969), boar urine and 
plasma have not been investigated. For this reason and in view of the possible physio- 
logical significance of 16-tLtisaturated steroids in the boar (Melrose, Patterson & R-eed, 
1968), urine and spermatic vein blood from a boar were analysed. Some of these results 
have been described briefly elsewhere (Gower & Katkov, 19696; Gower, Harrison, 
Heap & Patterson, 1970). 

The following abbreviations are used: 5a-androstenone, 5a-androst-16-en-3-one; 
androstadienone, 4,16-androstadien-3-one; 3a- and 3y^-androstenols, 5a-androst-16- 
en-3a- and -3y^-ol; aetiocholenol, 5j^-androst-16-en-3a-ol; androstadienol, 5,16- 
androstadien-3;5-ol; BHA, dehydi-oepiandi'osteroiie; andixtsterone, 3a-hydroxy-5a- 
androstan-17-one ; aetiocholanolone, 3a-h5''droxy-5y^-androstan-17-one. 



MATERIALS AND METHODS 

The purification of solvents and preparation of aliunina for chromatography have 
been described in a recent paper (Brooksbank & Gower, 1970). Thin-layer chromato- 
graphy (TLC) was performed on glass plates coated with Kieselgel G (thickness 
0*5 mm.). Purified methanol was allowed to run up the plates, which were dried 
before use. Gas-liquid chromatography (GLC) was performed using a Series 104, 
Model 24, dual flame ionization cln-omatograph (Pye-Uniuam, Cambridge). 

Source of blood and urine 

After premedication with 750 mg. phencychdino (Scrnylan, Parke Davis & Co.) 
i,m., anaesthesia was induced in a sexuaUy mature boar of proved fertility (age 3 yr. ; 
approximate body weight 300 kg.) by open-mask administration of fluothane 
(Halo thane, I.C.I. Ltd.) and oxygen which, after endotracheal intubation, was main- 
tained with mixtures of fluothane and oxygen in a (;losed cLt'cuit rebreathing system. 
The right spermatic vein was exposed by mid-ventral laparotomy using sterile 
operative procedures, before an infusion of 20 /ic progesterone (58-5 mc/m- 

mole) into the substance of the right testicle. The results relating to this infusion will 
be published elsewhere. Venous blood and urine were obtained by catheterization of 
the right spermatic vein and bladder respectively. The animal was heparinized with 
10,000 i.u. intravenously and blood was collected by continuous drainage into heparin- 
ized bottles, centrifuged at 3000 g for 15 min. and the plasma (143 ml.) removed. 
Both plasma and urine were stored at — 20°. 

Hydrolysis and extraction of urine and plasma 
Plasma. To 143 ml. plasma were added 30 ml. of 2 N-NaOH and the mixture 
extracted with peroxide-free ether (3 x 50 ml.). The combined ether extracts were 
washed with water (50 ml.), then with 5 % acetic acid (60 ml.) and finally with water 
(2 X 50 ml.). After dr3ung over anhydrous NagSO^ the ether extract was filtered, the 
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Na2S04 washed with more ether and the extract evaporated to dryness under reduced 
pressure. This extract was designated the plasma 5' (free) fraction. 

The aqueous portion which still contained steroid conjugates was adjusted to 
pH4-5 with cone. HCl and 4M-sodium acetate buffer (pH4-5) was added. The 
mixture was incubated at 38*^ with 20 ml. Ketodase (William R. Warner & Co. Ltd., 
Eastleigh, Hants.) for 48 hr. Steroids released from glucuronides were then extracted 
with ether (3 x 50 ml.), the combined extracts washed with 10% NaHCOg solution 
(2 X 20 ml.) and then washed with water until neutral. After dijdng over NagSO^ the 
ether was evaporated, as before, to give the plasma glucuronide (plasma G) fraction. 
Steroid sulpliates remaining in the aqueous layer were hydrolysed at pH 0*8 and the 
liberated steroids continuously extracted with other. The ether layer was separated, 
washed with NaHCOg solution and water as above. After drying and evaporating, a 
'plasma sulphate' (plasma S) fraction was obtained. 

Urine, Samples (200 ml.) were treated in the same way as plasma except that 
2N-NaOH instead of 10% NaHCOg solution was used to clean the ether extracts 
obtained after hydrolysis of glucuronides and sulphates. 

Column and thin-layer chromatography 

Fractions F, G and S obtained from urine and plasma were chromatographed on 
alumina (5 g.), partially deactivated with water (4-5 %, v/w, Gower & Ahmad, 1967). 
IG-Unsaturated steroids were eluted with 150 ml. of a mixture of beny.ene: light 
petroleum (80-100°) (1:1, v/v); the 17-oxosteroids, androsterone, aetiocholanolone 
and DHA were eliited in one fraction, after 16-unsaturated steroids, with 75 ml. of 
benzene containing ethanol (0*5%). This elution pattern had been checked in earlier 
experiments (Brooksbank & Gower, 1970). 

In order to purify the plasma 16-unsaturated steroid fractions more thoroughly, 
they wore submitted to thin -layer chi'omatography (TLC) and the plates developed 
three times with benzene : ether (9:1, v/v) (Gower, 1964). Three zones were removed 
from the plate as follows : Zone A, corresponding to the position of marker 5a-andro- 
stenone; Zone B, corresponding to the positions of androstadienone and 3a-andro- 
stenol; Zone C, coiTCsponding to the positions of aetiocholenol, androstadienol and 
3^-androstenol. Elutions of these and of a blank zone were performed as described 
earlier (Brooksbank & Gower, 1970). 

Qas~liqiiid chromatography 
Steroids were tentatively identified by GLC of free steroid and one or more deriva- 
tives on two or throe columns, 5a-cholestane being used as internal standard. The 
columns used were: (i) cyclohexane dimethanol succinate (CHDMS, 0-6%) plus 
methyl polysiloxane gum (JXE., 0-75%) on 100-120 mesh silanized Chromosorb W; 

(ii) fluoralkyl silicone QF-1 (5%) on 100-120 mesh silanized Chromosorb W, and 

(iii) cyano alkyl silicone XE-60 (2*5%) on 80-100 mesh silanized Chromosorb G. 
Oven temperature was maintained at 196° and carrier gas flow rate at 50ml./niin. 
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Preparation of derivatives 
FoT 16-iinsaturated ketones, such as Sa-androstenone, the O-methyl oxime was 
prepared by adding 50 /il. of a 2 % (w/v) solution of methoxyamine hydrochloride in 
pyridine to the dried steroid and standing at room temperature overnight or at 
37*' for 2 hr. For 16-unsaturated alcohols such as andi-ostenol, chloromethyldimethyl- 
silyl (CMDS) ethers and bromomethyldi methyl silyl (BMDS) ethers were prepared 
by the method of Thomas & Walton (1968). Urinary and plasma 17-oxosteroids were 
analysed by QLC of their trimethylailyl (TMS) ethers (Kirschner & Lipsett, 1963). 



RESULTS 



Spermatic vdn plasma 
The free steroid fraction, obtained from TLC zone A, contained a compound with 
a retention time relative to 5a-cholestane (RRT) identical with that of 5a-andro- 
stenone. It was possible to detect the penetrating odour of this compound on the 




r 




20 
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20 



10 



Time (min.) 



Fig. 1. (a) Gas-liquiri chromatography (GLO) of thiu-la-ycr chromatography {zone A) extract 
convcrtod to the O-methyl oxima (MO), obtauiotl from the free steroid fraction of boar apormatio 
vein plasma (soc text), (b) GLC of MO of oa-androsfcenono (peak 1). fia-Cholefltane (peak 2) was 
added as internal standard. Column: CHDMS/JXR {0-(>0%/0-75 %) at 196** with carrier gas 
flow 50 ml. /min. 

hot syringe needle after injection of an extract into the gas chromatograph. Definitive 
identification of this compound was obtained by combined gas chromatography- 
ma.ss spectrometry (GC-MS) (see Appendix). GLC of the O-methyl oxime gave a 
peakAvith ERT identical with that of the authentic derivative (Table 1 and Fig. 1), 
No peak with the same retention time as that of the free ketone was detected when a 
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'blank' extract from TLC was chromatographed at the same sensitivity. GLC of 
TLC zone A extract, obtained from the plasrna S fraction, showed no peaks which 
could be identified with it>-\insat\irated steroids. 

TLC zone B, obtained from the plasma ¥ fraction, combined a trace of 3a-andro- 
stenol (Fig. 2a), In contrast, however, fraction S contained a relatively'- large amount 
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30 
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Fig. 2. Gas-liquid chromatography (GLC) of thin- layer chromatography (zone B) extracts 
obtained from (a) free ateroid fraction and (6) sulphate fraction of boar spermatic vein plasma 
{see text), (c) GLC of authentic 3a-androstenol (peak 1). Sa-Cholestune (peak 2) was added aa 
internal standard. Column conditions as in Fig. I. 
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Fig. 3. (a) Gas-liquid chromatography {GLC) of thin- layer chromatography (zone C) extract, 
converted to the chloromethyklimothylsilyl (CMDS) other, obtained from the sulphate fraction of 
boar spermatic vein plasma (see text J. (A) CLO of a mixture of OMDS ethers of aetiocholenoJ 
(peak 1), androstadienol and 3>9-ajidrostenol (peaks 2, 3; subsequently resolved on XE-60, 
Table 1); Sa-cholestanft (peak 4) was added as intenial standard. Column condition.^ in Fig. I. 
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of a compoimd, tentatiTcIy identified as 3a-androstenol, as free steroid and as CMDS 
and BMDS ethers (Fig. 26 and Table 1). Identification was again confirmed by 
GC-MS (see Appendix). 

In a similar manner, TLC zone C, obtained from the plasma S fraction, was shown 
to contain a trace of androstadienol and a relatively large amount of 3>?-androstenol 
(Fig- 3); identification of the latter was confirmed by GC-MS of the CMDS ether (see 
Appendix). GLC analysis of TLG zone C, obtained from the plasma F fraction, showed 
a small peak with RRT corresponding to that of 3yff-androstenol and/or androstadienol . 
This, however, was not investigated further. 

Preliminary GLC of the plasma glucuronide fraction did not show any peaks 
corresponding to 16-unsaturated steroids and this fraction was not therefore sub- 
mitted to TLG. 

Urine 

GLC of the urinary '16-unsaturated steroid' fractions obtained from alumina 
showed a peak in the free steroid extract which had RR.T identical with that of 
androstadienone on three columns (Table I). However, the identification of this 
compound was not conlirmed by GC-MS (see Appendix). No evidence was obtained 
for the presence of S^t-androstenone, which would be expected in the free steroid 
fractioji, if present in urine. 

Table 2. C^^-lS-urisaturated Meroids identified in boar urine and 
spermatic vein plasma 

Urine Spermatic vciii plasma 



Fraction 

Free 

&!ucuronide 
Sulphate 



- Ajidms tei Lul 
None 



oa- A ndrostenone ; 

l^a-androstenol 
None 

3a-Ajidrosteuul ; 
3A-androstenol; 
androstadienol {truoe) 



Table 3. 17 -Oxosteroids in hoar urine and, speririatic vein jdasma 

Plasnm ',//.g./100 ml.) 



Urine (mg,/l.] 



Fraction 
Freo 

Glucuronide 
S-ulphate 



Androsterone 

Nil 
1-75 
Nil 



Aetio- 
cholanolone 

Nil 
2-76 
Nil 



UKA 

0-00 
6*57 
4-18 



Androaterone 

Nil 
Nil 



Aetio* 
uhulaaolotie 



Nil 



d:ha 

0-03 
0-2 
12-0 



* Not determined. 



In the glucuronide fraction there was a compound which, as CMDS ether, had the 
same RRT on three columns as authentic 3/?-androstenol (Table 1). Assuming 85- 
90% recovery of 16-unsaturated steroids, as obtained from human urine (Brooksbank 
& Gower, 1970), the concentration of this compound was approx. 250 /ig./l- Con- 
firmatory identification of this compound was obtained by GC-MS (see Appeiidix). 
No evidence was obtained for the presence of other 16-unsaturated alcohols, such as 
3a-androstenol, which by comparison with human urine (Brooksbank & Gower, 
1970) might be expected to occur in the glucuronide fraction. 
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The sulphate fraction contained a compound with RRT similar to that of andro- 
stadienone on two of the columns used (Table 1). GC-MS results for this compound 
have not conclusively estabUshed its identity (see Appendix). 

A summary of the 16 -unsaturated steroids found in the spermatic vein plasma and 
urine of the boar is given in Table 2. 

Urine arid ^plasma 17-oxosieroids 
The results of these analyses are given in Table 3. 

DISCUSSION 

CiQ-16~unsaturated steroids in boar spermatic vein plasma and in urine 
The results reported here demonstrate the presence of 5a-androstenone» 3a- 
androstenol and 3/?-androstenoI in boar spermatic vein plasma. Further experiments 
are in progress to estimate the testicular production rate of these compounds from 
measurements of their arterio- venous differences and of testicular blood flow. There 
is already some evidence to suggest that these compounds have a testicular origin. 
Both 3a- and 3^-aridrosfcenois have been isolated from pig testes (Prelog & Ruzicka, 
1944) andj together with 6a-androstenone, they are known to be synthesized by the 
same tissue in vitro from Cg] -precursors, pregnenolone and progesterone (Gower & 
Ahmad, 1967; Ahmad & Gower, 1968; Katkov & Gower, 1968). In the present 
experiment 3a- and 3y^-androstenols were found to occm^ in plasma predominantly 
as sulphates with only traces as free steroids. This is in keeping with what is known 
of alcohols such as DHA or androsterone which occur predominantly as sulphates in 
human plasma and, according to the present results (Table 3), also in boar vspermatic 
venoiiS plasma. 

Only two reports liavc appeared concerning the presence of I 6-uti saturated steroids 
in human blood. In human male peripheral plasma androstadienone occurs mostly 
in the 'sulphate conjugate' fraction and to a lesser extent as free steroid (Brooksbank 
et aL 1 969) and 3a-androstenol has been tentatively identified in the peripheral plasma 
of a woman with a virilizing adrenal carcinoma. After removal of the tumour, this 
• compound was undetectable (Gower &l Stem, 10G9). 

The finding of 5a-androstenone in spermatic venous plasma may be related to its 
presence in boar fat (Patterson, 19G8a). This compound is believed to be responsible 
for the strong taint of boar meat. Furthermore, it seems likely that the ketone is 
present in peripheral plasma and diffuses into fat because of its high lipid solubility. 
Although the presence of the same ketone in boar saliva has been demonstrated 
already (Patterson, 19686), no data are yet available as to the relative concentrations 
in saliva and peripheral plasma. 

The present experiments show that the boar excretes 3)5-androstenol conjugated 
with glucuronic acid whereas in man 3a-androstenol is excreted in the glucuronide 
fraction (Brooksbank & Haslewood, 1961; Cleveland & Savard, 1964; Brooksbank & 
Gower, 1970). No urinary 16-unsaturated steroid sulphates have been found in either 
species (Brooksbank & Gower, 1964) except in the case (mentioned above) of a 
woman with a virilizing adrenal carcinoma where the urinary 3a-androstenol excretion 
rate was higher than normal (Gower & Stern, 1969). 
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The physiological role of 5a-androstenone and other 1 6-unsaturated steroids is not 
completely clear, but there is evidence to show that both the ketone and 3a-andro- 
stenol can act as pheromones. Thus Patterson (19086) suggested that when the boar 
becomes sexually excited and salivates profusely, the pungent smell of oa-andro- 
stonone on the animal's breath may be responsible for inducing a sow in oeMnui to 
adopt the matmg stance. Recent work (Melrose ei al. 1968) has shown that over 
60 % of maiden gilts, which did not respond to the conv^entional back-pressure test 
for the detection of oestrus in the absence of a boar, responded immediately when 
5a-androstenone was sprayed into the atmosphere from an aerosol. 

Urinary and spermatic vein plasma 17-oxosleroids 
The residts obtained in this paper by column, thin-layer and gas-liquid chromato- 
graphy arc essentially in agreement with those obtained by earlier workers who used 
column and paper chromatographic methods for separation and the Zimmermann 
method for analysis. DHA appears to be the most important urinary neutral 17- 
oxosteroid (Huis in't Veld, Louwerens & Reilingh, 1964; Clark, Raeside & Solomon, 
1965) and is now known to be of testicular, rather than of adrenal, origin in the boar. 
Moreover, DHA is the precursor of iu:inary 1 7 -oxo steroids rather than testosterone 
(Huis in't Veld el al. 19C4; Clark et al 1965; Huis in't Veld, 1968). In contrast to 
DHA, the urinary excretion rates of androsterone and aetiocholanolone in the boar 
are relatively small (Table 3). 

The amounts of DPIA both as sulphate and as free steroid in spermatic venous 
blood (Table 3) are in accord with the results of Bauiieu, Fabre- Jung k Huis in't Veld 
(1967). These workers also showed that the concentration of DHA in spermatic 
venous blood was greater than that in the spermatic arterial blood or in the peripheral 
blood — a finding consistent with the testicular origin of DHA in the boar. 

D. B. G. thanks Mr D. C. Bickneli for excellent technical assistance, Mr L. Armitage 
for photographing the GLC tracings and Guy's Hospitiil Endowments Fund for 
financial support. 
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ArPEKDIX 

IDENTIFICATION OF C^c^-l 6-UNSATURATED STEROIDS IN BOAR 
URINE AND SPERMATIC VEIN PLASMA BY COMBINED GAS 
CHROMATOGRiiPHY AND MASS SPECTROMETRY 

D. B. GOWER* AND R. L. S. PATTERS0??t 

Biochemistry Department, Guy's Hospital Medical School, London S.E. 1 and, 
J Agricultural Research Go%mcily Meat Research Institute, Langford, Bristol 

The free steroids and CMDS ethers of the urine F, G, and S and plasma F and S 
fractions, isolated and prepared as described in the main text, were examined by gas 
chromatography-mass apectrometrj^ (GC-MS). 
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The analyses were carried out in an L.K.B. 9000 GC-MS equipped with a 1-5 m. 
X 3 mm. i.d. glass chromatography column packed with 3% XE-60 on Chromosorb 
W (80-100 mesh). The column was maintained at 200"*, the injection block at 190° 
and the molecular separator at 200"*. The flow of carrier gas (helium) was 32 ml./min. 

Mass spectra were recorded at 70 ev and the range m/e 0-400 was scanned in 8 sec. 
Background spectra were recorded immediately before or after the spectrum of each 
compound to allow peaks arising from the stationary phase bleed or from preceding 
compounds to be identified and subtracted from the compound spectrum. Line 
diagrams, normalized to the base peak, were prepared from the corrected spectra of 
the reference and experimental compounds before comparison. Reference spectra of 
6a-androstenone, 3a- and 3yff-androstenols have already been published (Patterson, 
1968a, 6). 

Spermatic vein plasma. The spectrum obtained for the major compound in the 
plasma F fraction, TLC zone A, was identical with the spectrum of authentic 5a- 
androstenone. 

3a-Androstenol was confirmed as a minor component of the plasma F fraction and 
as a major component of the plasma S fraction, TLC zone B. The spectrum of the free 
steroid, obtained from both samples, agreed well with that of the authentic compound. 

The identity of 3yff-androstenol in the plasma S fraction, TLC zone C, was con- 
firmed by comparison of the spectrum of its CMDS ether with that of an authentic 
sample (Fig. 4). The lack of minor peaks between m/e 107 and 173 may be explained 
on the basis of over-correction of the sample spectrum for background from stationary 
phase bleed and/or from preceding compounds. This is borne out by the fact that the 
relative abundance of many peaks in the spectrum of the unknown is lower than 
that for the corresponding peaks obtained from the authentic compound. 

Urine, The compound in the urine F fraction which had the same relative retention 
to cholestane as androstadienone on the three GLC columns used, gave a mass 
spectrum completely different from that of authentic androstadienone. Although the 
sample spectrum was weak, none of the predominant ions (270 (M+), 265, 228, 146, 
105, 91, 79, 41) of the androstadienone spectrum was detected. The isolated com- 
pound therefore was not androstadienone, despite the very good agreement of the 
GLC retention results (Table 1). This conclusion was confirmed by re-examination 
of tiie urine F fraction by TLC using benzene: ether (9 : 1, v/v) as solvent. The eluate 
of the zone corresponding to the position of androstadienone showed on GLC no 
peak at the correct retention time for the compound. 

A strong spectrum was obtained for Syff-androstenol in the hydrolysed urine 
glucuronide fraction which confirmed the tentative identification by GLC of both the 
free alcohol and its CMDS ether (Table 1). 

The shape of the GLC peak for the component in the urine S fraction suggested 
that more than one compound might be present, but four scans taken during elution 
of the peak showed that it was either homogeneous or composed of isomers. No 
significant differences were found in the spectra, and m/e 279 was the ion of greatest 
mass recorded in each spectrum, except for the small peak at m/e 280, which was 
most probably the ^^C isotope contribution. These spectra were very similar to the 
spectrum obtained for the unidentified compound originally thought to be andro- 
stadienone in the urine F fraction. The same major ions were present in both spectra 
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although differences occurred in the minor peaks. The compounds have not been 
identified although it is suggested that they may not be steroids and are esters of 
phthalic acid. Phthalic acid esters are known to occur as impurities in solvents and 
some of the major spectral peaks can be accounted for in this way. Several of the 
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Fig. 4, Top : meiss spectrum of thin- layer chromatography (TLC) (zone C) extract, aa chloro- 
methyldimethylsilyl (CMDS) ether, obtained from the sulphate fraction of boar spermatic vein 
plasma (see text). Bottom: mass spectrum of the CMDS ether of authentic S^-androstenol. 



fragment ions recorded for the unknown agree with those reported (Comu & Massot, 
1966) for di-w-octylphthalate, although they differ considerably in relative abundance. 
However, the major peaks m/e 279, 113, 104 and 83 are not accounted for, nor is the 
apparent absence of m/e 57 and 108, reported as present in the mass spectrum of 
di-n-octyl-phthalate. 

REFERENCES 

Ahmad, N. & Gower, D. B. {1968). The biosynthesis of some androst-lG-enes from C„ and Cj, steroids 

in boar testicular and adrenal tissue. Biochem, J. 108, 
Baulieu, E.-E., Fabre-Jung, I. & Huis in't Veld, L. G. (1967). Dehydroepiandrosterone sulphate: a 

secretory product of the boar testis. Endocrinology 81, 34-38. 



368 D. B. GowEE, F. A* Habeison and R. B. Heap 



Brookflbank, B. W, L., Cunningham, A. E. & Wilson, D. A. (1969). The detection of androBta-4,16. 

dien-3-one in peripheral plaama of adult men. Steroids 13, 29-60. 
Brookflbank. B. W. L. & Gower, B. B. (1964). The use of thin-layer and gas-liquid chromatography in 

the identification of 5>?-andro8t'16.en-3a-ol and androsta-5,16-dien-3)?-ol in hximan urine. Steroids 

4, 787-800. 

Brooksbank, B. W, L. & Gower, D. B. (1970). The estimation of 3a-hydroxy-5a.andro8t-16-ene and 

other Cig- A" -steroids in urine by gas-liquid chromatography. Acta endocr., Gopenh. 63, 79-90. 
Brooksbank, B. W. L. & Haslewood, G. A. D. (1961). The estimation of androst-16.en-3a.ol in human 

urine. Partial synthesis of androstenol and of its >?-gluco8iduronic acid, Biochem. J. 80, 488-496. 
Clark, A. P., Raeside, J. I. & Solomon, S. (1965). Studies on the urinary excretion of IT-ketosteroids by 

the domestic pig. Endocrinology 76, 427-433. 
Cleveland, W. W. & Savard. K. (1964). Studies of excretion of androst-16-en-3a-o]. J. c/tn. Eyxdocr, 

Metab, 24, 983-987. 

Comu, A. & MasBot, R. (1966). Compilation of mass spectral data. Heyden and Sons, Ltd., London, 

in co-operation with Presses Univorsitaires de France. 
Gower, D. B. (1964). Chromatographic separation of CiB-lG-dehydrosteroids. J. Chromat. 14, 423-431. 
Gower, D. B. & Ahmad, N, (1967). Studies on the biosynthesis of 16-dehydroBtcroids. The metabolism 

of [4-^*C]pregnenolone by boar adrenal and testis tissue in vitro, Biochem, J. 104, 550-566. 
Gower, D. B., Harrison, P. A., Heap, R. B. & Patterson, R. L. S. (1970). The identification of Cj^-A"- 

steroids in boar urine and spermatic vein plasma. J. Endocr. 46, xviii. 
Gower, D. B. & Katkov, T. (1969a). The biosynthesis of 3/?-hydroxyandrosta-6.16-diene and its further 

metabolism in boar testis. Biochem. J. 115, 16p. 
Gower, D. B, & Katkov, T. (19696). Studies on the biossmthesis and excretion of C^- A" -steroids in the 

boar. In Meat production from entire male animals, pp. 261-271. Ed, D. N. Rhodes. London: J, <fe A. 

Churchill Ltd. 

Gower, D. B. & Stem, M. I. (1969). Steroid excretion and biosynthesis, with special rfiference to androst- 

16-ene8, in a woman with a virilising adrenocortical carcinoma. Acta endocr,, Copenh, 60, 265-275. 
Huis in't Veld, L. G. (1968). Some data on the metabolism of testosterone and dehydroepiandroatcrone 

in boars. In Research on steroids Vol. 3, pp. 73-80, Eds. C. Cassano, M. Finkelstein, A. Klopper & 

C. Conti. Amsterdam : North Holland Publishing Company. 
Huis in't Veld, L, G,, Louwerens, B. & ReUingh, W. (1964). The origin of urinary dehydroepiandrosterone 

in boars. Acta endocr.^ Copenh. 46, 186-196. 
Katkov, T. & Gower, D. B. (1968). The biosynthesis of 5a -androst- 16- en- 3 -one from progesterone by 

boar testis homogenates. Biochim. biophys. Acta 164, 134-136. 
Kirschner, M. A. & Lipsett, M. B. (1963). Gas-liquid chromatography in the quantitative analysis of 

urinary 1 l-deoxy-I7-ketosteroids. J. din. Endocr, Metab. 23, 255-260. 
Melrose, L». R., Patterson, R. L. S. <fe Reed, H. C. B. (1968). Improvements relating to the artificial 

insemination of pigs. British Patent no. 35201. 
Patterson, R. L. S. (1968a). 5a- Androst- 16-en-3-one: compound responsible for taint in boar fat. 

J. Sci, Fd AgHc, 19, 31-38. 
Patterson, R. L. S. (19686). Identification of 3a-hydroxy- 5a -androst- 16-eno as the musk odour com- 
ponent of boar submaxillary salivary gland and its relationship to the sex odour taint in pork meat. 

J. Sci. Fd Agric. 19, 434-438. 
Prolog, V. & Ruzicka, L. (1944). tTber zwei moachusartig riechende Steroide aus Schweinetestes- 

Extrakten. Helv. chim. Acta 27, 61-06. 
Thomas, B. S. & Walton, D.R,M. (1968). Chloromethyldimethylsilyl ethers in the routine assay of 

urinary ll-deoxy-17-oxosteroids by gas-liquid chromatography. J. Endocr. 41, 203-211. 



STIC-ILL 

From: 
Sent: 
T : 

Subject: 



STIC-Biotech/ChemLib 

Tuesday, October 07. 2003 12:58 PM 

STIC-ILL 

FW: References 



Message to you. 

— Original Message — 
Fr m: Qazi, Sabiha 

Sent Tuesday, October 07, 2003 12:57 PM 

To: Snc-Biotech/ChemLib 
Subject: References 

Please provide 

1. Eusterling, A.E. et al. Steroids, 8:157-178 (1966). 

2. Burstein, S. et al., J. Biol. Chem. 233: 331-335 (1968). 

3. Schindler eta!., J. Clin. Endocr. Metab. 39: 334-339 (1974). 

4. Shackleton, et al.. Steroids, 10: 359-385 (1967). 

5. Huhtaniemi, I. et al. Steroids, 16: 197-205 (1970). 

6. Clarice. A. et al., J. Endocr. 46: 123-124 (1970). 

7. Klyne. W. et al., Biochem. J., 43: 231-234 (1948). 

8. Reynolds, J. W.. Biochim.-biopliysics Acta 176: 886-888 (1969). 

9. Beery. K. E. et al., J. Endocr. 51: 223-224 (1971). 

^O" Fukusfiima, D. K. et al.. J. Biol. Chem.. 210: 129 -1 37 (1954)?^ 

11. Huhtaniemi, I. et al., J. Endocr. 59: 503-510 (1973). 

12. Huhtaniemi. I. etal., J. Endocr. 57: 143-158 (1973). ■ 




Thank you 

SaBida^K. Qazi, <Pfi.(D. 
(Primary ^E^tniner 
Art Vnit 1616 
3(B-07 

MaiC(Boj(j-2(D19 
(703)305-3910 



1 



STUDIES IN STEROID METABOLISM 

XXV. ISOLATION AND CHARACTERIZATION OF NEW URINARY 
f[ STEROIDS* 

By DAVID K. FUKUSHIMA, A. D. KEMP, R. SCHNEIDER,t iMADELEINE R. 
STOKEM, AND T. F. GALLAGHER 

(Frotu the HUmn-Kcitering Institute for Cancer Research^ New York, i\cw Yorl:) 
(R(n*oived for publication, March 1, 1054) 

Two steroids hitherto undescribecl, 3a,17a-dihydroxyalloprcgnanc-20- 
one (I) and prcgnane-3o£,ll^,20a-triol (II), have been isolated from urine, 
characterized, and identified by partial synthesis. In addition to these, 
the known compounds, 3a, lli8-dihydroxypregnane-20-one (III) (1), Svia- 
}fydroxy-A*** pregneno-20-one (IV) (2), and 3)3-hydroxy-A^-androstcnG 7 ,17- 
dione (V) (3), have been identified for the first time as constituents of the 
5 ketosteroid fraction of urine)' I Avas identified in the ''a ketosteroid" frac- 
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iiydroisoandrost6itone. Th is ipoinpound \^s; ■ pr^ reported as^an un- 

known )9-ketostcroid, Compound B6, by Lieberrnan, j3obriiierf 
aiid Rhoads (4).;; S ■ 

* The authors gratefully acknowledge the assistance of grants from the American 
Cancer Society (on reconimend:ilion of the Committee on GrowMi of the Xalional 
Research Council), the Anna Fuller Fund, the Lillia Rabbitt Ilyde Foundaiion, the 
National Cancer Institute of the National Institutes of Health of the United States 
Public Health Service (grants C-322 and C-440), and the Damon Runyon Memorial 
Fund for Cancer Research. 
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The partial synthesis of 3a,17a-dihydroxyallopregnane-20-one (I) was :; 
achieved by the application of the method of Kritchevsky and Gallagher || 
(5) to 3a-hydroxyallopregnane-20-one (Vila). Vllb was prepared from;; 
3^-hydroxyallopregnane-20-one (Via) by formation of the 3-tosylate (VIb), 
followed by replacement of the tosyloxy group with acetate by heating with 
potassium acetate in acetic acid. The resultant 3a-acetoxyallopregnane- |f 
20-one (Vllb) was isolated as the free hydroxy ketone (Vila) and con- -;^^ 
verted to the 17,20-enoldiacetate upon treatment with acetic anhydride ' 




i I.AcoO+H* ' 




Hp' 




CH- 

0=0. 



ill the presence :0f" a cata^ amouiit of p-t.olMonpsnlfonio ?igir| . 0?f i.dji^. ' ;;| 
tion of thciciiolacetate >vith perbenzoic acid followetl by alkali jiC;hydroly-^.^ | 
sis yielded 3a, 17a-^dihydroxyalloprcgnaiie-20-c!ie (I). '']•>.. . -rt 
rregnane-3a,ll/3,20a-triol (II) was prepared from 3a-aoetoxypregnane- \ 
11 ,20-dioiie (VIII). Catalytic reduction of VIII yielded a mixture of the 
20a (IX) and 20|8 (X) cpimei'S of 3a-acetoxy-20-hydroxypn^gnane-ll-one. • 
The mixture was acetylated and the cpimcrs were separated ((>). 3a ^ 20a- ;| 
Diacetoxypregnane-ll-one (IX) was readily <!onvert.cd to pregnane-3a,- 
ll/5,20a-triol (Ila) by reduction with lithium aluminum hydride. The -f 
free triol was converted to the 3 ,20-diacetate lib, which was easily purified U 
and exhibited excellent physical constants. Lithium aluminum hydride 



r . 



FUKUSHIMA, KEMP, SCHNEIDER, STOKEM, AND GALLAGHER 131 

reduction of pregnane-3a,20j9-diacetoxypregnane-ll-one (X) yielded preg- 
nane-3a,lli8,20i3-triol (XIa), characterized as both the free compound and 
the 3 ,20:diacetate Xlb. This substance has not as yet been encountered 
in (extracts of urine, but its presence may possibly be disclosed by further 
investigation. 



m CH3 

- ^t^O H-C-OAc ^AcO-6-H 



Py.Ac20 Actf'^^ AcO" 



LiAIH^ 



juAlH^ |u 



CH, CH, 
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H-C-OR 
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j; . Ajl iir|el^ , points; jarc cdrrectcjd. This opti|al rotati(jiiJwer<* takeiV^in^V 
Ij _.ch^or(^m^^ 4..-^\-'^I>H«feC^tui 

)jj .■;,c}iyrs^ fraction |n^val|oa^|^eii\v^ 

I vmetiiylene chlbricte (7)^ gave.^.O mg; of^cnystiallile nmti^ialjfca^^ 
p. ^s^e1tnii|l almpst.identk£U;w iLitheiitMsaMp^ 
I ^ diKj^rpxyallo^ Papei- ^partitic^^ cjxi^iir^^ 

liQurk ol. a, sniall v^7th the system 1 : l:iprp^>(lerie;i^ycol-to^ 

I , , ftnd lA |eyclohex£me-t6iuene shpvved that the %hflWido^, 17(aidihydr(i)cyal- ^ 
|. : , j^j|oprei^ a faint trace Cless|han';^;per-cent) of 3a, 17a- 

f Mihydroxypregnahe-20-one. The product waspigesfcd With cyclohexane- 
" and twibe recrystallized from benzene to yi^ld 2 irig. of 3a,17a-dihy- 
droxyallopregnane-20-one (I), m.p. 215-216,5°; there was no depression 
of the melting point on admixture with tl. . synthetic sample, and there 
was a depression on admixture with 3a,17a-dihydroxypregnane-20-one. 
The infra-red spectrum was identical with that of the synthetic product. 

Synthesis of 3a-Hydroxyallopregmne-20-one (Vila)— A cold solution of 
10 gm. of p-toluenesulfonyl chloride in 15 ml. of pyridine was added to a 
cold solution of 3.0 gm. of 3iJ-hydroxyallopregnane-20-one (Via) in 30 ml. 
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of pyridine, and the mixture was allowed to stand for 3 days at room tem- J 

perature. The solution was poured into ice and water and the resulting y, 
precipitate collected by filtration. The semicrystalline material was (^is-. 
solved in ethyl acetate^^^^a^^^ with dilute acid, dilute base, and water; 

After drying the organic solution, the solvent was evaporated to give 3.86 :| 

gra. of yellowish oil. Recrystallization from ether gave 3.10 gm. of white ■,; 

crystalline product. Further recrystallization from acetone-petroleum jrl 
ether afforded 2.20 gm. of 3/3-p-toluenesulfonoxyallopi-egnane-20-one (VIb), 

m.p. 133-135°. • The analytical sample after recrystallization from cyclo- | 

hexane melted at 133.5-135°, [a]^ +58.3°. | 

C28H4o04S. Calculated, C 71 .18, H 8.47; found, C 71 .50, U 8.25 

A solution of 2.1 gm. of 3i3-p-tolucriesulfono.\yallopregnane-20-one and . : 
2 gm. of freshly fused potassium acetate in 50 ml. of glacial acetic acid was 
refluxed for 3 hours. The reaction mixture was diluted with 10 per cent ;;! 
sodium chloride solution and extracted mth other. 1'he ether solution was ] 
.,;w^hed repeatedly with dilute sodium hydroxule sql^^^^^^^^^^ and water and. ^ 

. dried over sodium sulfate.. ;;EyaFK)rati(0|^^ the s6lvqii|:5 gJiye 1.40 gm, iof;/^ i *; ^ 

: j>il iiat crystallized oii standitti^; ;;;the.^iBt^ 

^/ at^i^om teraperdture for 30 minutes witj^ 



f ; : extracts by Liebe^aa ^ 
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ture wj^ talbrilup m (Jther and washed^^vith cold sodium , carlpf^i(^ji- 
tion and water:" The etlier^solution wjisjclried and the solvent c,yaporated. 
The residue waii dissolved in a liter of petroleum ether and poured through 
a short alumina column. Upon removal of the solvent under diminished 
pressin-e, 224 mg. of crystalline A»^-allopregnonc-3a,20-diol diacotatc were 
obtained. Without further purification, the cnol acetate was treated over- 
night at room temperature wth 5 ml. of 0.49 m ptM-bcnzoic acid in benzene. 
Ethyl acetate was added to the reaction mixture, and the solution was 
washed with sodium carbonate solution and with water. After removal of 
the solvent, the crude l7a,20-epoxyallopregn{UK'-3a,20-diol diacetate was 
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saponified with 1 n aqueous ethanolic sodium hydroxide solution at room 
1^ temperature for 3.5 hours. Purification by chromatography on silica gel 
I _ and recrystalHzation from acetone and benzene afforded 3ft,17a-dihy- 
y;;Wdroxyallopregnane-20-one (I), m^p. 214-216.o'', [a]^ +45.2° (ethanol). 

i^?>( C2iHrM)3. C:ilcula(otl, C 75.10, 11 10/24; fouiui, C 7").:^, H 10.4li 

f- Acctylation with acetic anhydride and pyridine at room temperature for 
|S; 4.5 hours yielded 3a-acetoxy-17a-hydroxyallopregiiane-20-oiie. m.p. 216.5- 
p220^ (a]f -f 1.7°. 



C^srhfiO,. CalculaKMi, C 73.40, II {)Iu \ fnuntL C 73.25, il 9.52 



Prc(j7iane-3a yl 1 0 j20a'triol (Ila) and 3 ,20'I)iacetale (Ilh); Isolaiion— 
The compound (Ila) was isolated from ihv xmuo of a patient with lym- 
h- phatic leueemia who had received 800 mg. of corlicost crone orally each 
day. Partition chromatography of the non-kctoiiic fraction on silica gel . 
with cthanol-methylene chloride (7) yielded ciystalline fractions whose 
|i infraM-ed spectrum was that of ;pregnane-3a,l]|8,23cr4^^^ : 

the prodticts yiekled 44^^^ mg;r whicH/Avas recrystallized ^ frgrht pofcroleumi ^; v 
|yf ; ethery frdni' benzene, aiid;;frop acetpne-petroleUm ether ;tO: giy^^ 
I f Pr^g»ane-3<^ 

^depressi6n;of t melting p;pint <pn^^ ■sa,mple^}^i:-; ..iv^;;';^^! 

the iiifra-red spectruni%a^^ ; ' 



{: ' (KC^h^^ ml.^ of ;a^v%(]rbuS;b(^ 30 hU;:of;aij%dfou v^r^^ 




||;i'\Recry5s^lliii^ 

1 ^ rn:pi :^ 204^^05^, 4^ 40.0^. ; Acetyiati6nVAv|t;li? {i^ptifi^/hjah^^^^ ahd % e :/ :^ | 



fiipyridinc at room temperature^ resulted iri r.l32:*:ingi^;H>f^^^ Ke- 
crystallization from petroleum-ether gave pregimncr^cv^;:) lj3,20a-triol 3,20- 
Vi diacetate (lib), m.p: 192-192.5^ Wf+50.3^ : j ^ „:\ 

CjJlioOft. Calculated. C 71.30, II *J.50; foiunl, (' 71.20, II 0.02 

Pr€gmne-3a,110,2O04riol (Xfa) and S ,20'I)iacctate {XIb)~X .solution 
of 3.7 gm. of 3a,20i8-diacetoxypregnane-ll-one (X) (G) in 175 ml. of a 
benzene-ether mixture was added dropwise with stirring to a suspension of 
3 gm. of lithium aluminum hydride in 25 ml. of anhydrous ether. Tlie mix- 



..k 





?i t-.,'< ^'h 
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ture was heated under reflux for 2 hours, and the excess reagent was de- ^ 
stroyed with ethyl acetate and dilute acid. The organic layer was washed % 
Avith base an4. water. . The solvent was removed and 3.07 gm. of triol were S3 
bbtaiudd. Repeated digestion with acetone gave 2.69 gm. of pregnine-3aVv 
11/3,20/3-triol (XIa); m.p. 232-234°. The analytical sample melted at ■J 
233.5-234°. 

CJI.eO,. Calculated, C 74.95, H 10.78; found, C 75.07, H 10.73 

Acctylation of the triol with pyridine and acetic anhydride at room tem- 
perature gave pregnane-3o,ll/3,20/3-triol 3,20-diacetate (Xlb); m.p. 121.5- 
123.5°, [aV^ +70.7°. 

CbIUoOs. Calculated, C 71.39, H 9.59; found, C 71.30, H 9.49 



"■'0. 



3a,liP-Dihydroxypregnane-S0-one (III); Isolalion—Thia compound was 
isolated from the urine of two patients with lymphatic leucemia who rci- ^ ^ 
•ceiyed 600 to 800 mg. of corticosterprie opUy each day, Chroniatographyg| 
i)f the Vketonic" fraction on^silica gel" ^it^^ ifcctete^petroleum eth<^ J 
.iis^^iuent gave .44, nig. pf;;Oiij^mBi^ ^hich.in-^J^ 
'■5iicited:ihe;pr(}se^^ 
■iifiication 'of; this ;m^||J'^j 

! 'eljbanoi -aiid ' irietliy wilon^ gav6 S'ligv' of ; a \ w ,oiK ; ^^J^r^^^^fi 
crystallizations, fI^om ethylac6ta^;2,m^ 



jicthanpl on silica^ P^K^^S^i^l'x^l'fevSil^l^l^ 




revealed the prcsenjc^ ctf; a hydroxy! groi^and a dbubleibjDiui dhd-a;t^<^a^ 
1670 ' cmr'^ c^raderigtic of the A'^-ii^kctone system Jthe. a^pyjL^t€^ 
product exhibit!sd ,iac^^ ^'^'^ ^■"^ '236 pmrS th^^^^ 

teristic band at lOTOfcmr', and no evi|erce of a free hydroxyl fUnctiotf^c^ 
The spectra of the free steroid and the acetate were in all essential details | 
identical with the authentic samples obtained from Dr. Marker (2). I 
30-Hydroxy-A^-androstme-7 ,17-dione (Y); Isolation— This compound was | 
isolated from the urine of several patients with adrenocortical disorders, in- | 
eluding both tumors and hyperplasia. Chromatography of the ' 'jSrketonic" >J 
fraction on magnesium silicate-Celite gave eluates whose infra-red spectra ll 
indicated the presence of 3j8-hydroxy-A*-androstene-7 , 17-dione. Recrys- ^ 
tallization from benzene-petroleum ether and from ethyl acetate jrielded S;| 
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v jieedles, m.p. 245-248Ma]^ —66.4° (methanol). The mother liquors were 
combined and rechromatographed on silica gel. The fractions containing 
,y,.as indicated by infra-red spectrum, were combined and acetylated with 
ifi^etic anhydride and pyridine at room temperature. Recrystallization 
|fpm methanol gave needles of 3i3-acetoxy-A^-androstene-7,17-dione, m.p. 
184.5-1 87.5^ la]^* -72.0° (ethanol), C2360 - 13,800 (ethanol); reported, 
p ; m.p. 184^ la]^ -74** (alcohol) (3); log €2350 = 4.09 (12); the infra-red spec- 
trum was identical with that of an authentic sample. 

I DISCUSSION 

Two of the metabolites of corticosterone reported in this study have un- 
dergone further reduction in the side chain, with the loss of the character- 
istic ketol in addition to the usual saturation of the a,i3-unsaturated ketone 
system in ring A. The reductive remo\al of the C-21 hydroxy 1 group 
from steroids containing the dihydroxyacetone side chain has been reported 
^' earlier from these laboratories (13). The total process is analogous to the 
previouslyv observed conversion of desqxycorticosierone to .pregnaneTSa j^ 



|:^':^flUnc^^ 'has 'Been^iin^ 

V 1fl70xy^iv f untiticm, deipiie extensive 'tra ' - ' ^ ^ ' 

pi etc^ f reciuently n^ aiid lii^^ resul j|j',Qf /thiis: studyirbnfirrn^ ^hi??^ 

|;V;geheipaliz£itiGn^oflthisHa^^^ * ■ * ■^i5:l^j;v•o^j:^^;lfi^A^;^<bi^^^ y: 




|^o\^ ahid ideiitifica^ion of • th^ been iny ? ; fi:^^/^ ; 

""■^;itiated."V ' - ' . ' ■' ^f-V'-'-^i'^^^^v. ' : [■ ' 



|^,V: TTie identification of^ii-hydw?xj^^ urino pro- v 

I ' sents a new problem as to whether the substanjcc \\;as excreted as such or ; 
I was derived, as an artifact of iiydrolysis or separation, from a precursor 
r such as^a,16?-dihydrox3rpregn£uie^20HC)n^ For the time being this must 
I remain an open question, since the ready interwnvcrtibility of those com- 
I pounds has been well established (10). It is noteworthy that the opimeric 
i: substance 3i3-hydroxy-A*®-allopregnene"20-one Has been isolated from the 
1;/ urine of pregnant mares by Mlpnte, Schachter, and Marrian (17) by pro- 
|v cedures which would not preclude the initial presence of a IC-hydroxyl 
|{ group. 

k. , . .. .. 

^.^1:.:::^ . ■ ■' ^' ■ ' 



■4 

' -'A 
'3 



■ m 
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A similar though less strong reservation must be made about the sig- J^I 
nificance of the fifth compound 3j3-hydroxy-Afi-androstene-7,17-dione. | 
Fi^tn the worki^ (18), it has been wen:^ti?fc|{0 

lished tliat A'^-stefoids are ciapable of facile autoxidation at G-7, wi*ii ittiife^ 
formation of a,jS unsaturated ketones of the type present in this mejtaiio^ 
lite. It is therefore possible that this substance may have arisen from the^| 
oxidation of the commonly present dehydroisoandrosterone, but, in tjh(E^|^ 
absence of proof, it seems more reasonable to accept the positive attitud6^ 
that the compound is in fact a metabolite. It is felt that the increased|| 
amount of this substance in adrenal disorders is suggestive evidence for thi8{;^ 
interpretation. || 

SUMMARY ,S| 

Five new steroid hormone metabolites have been isolated from urine. | 
Two of these were the hitherto undescribed 3a, 17a-dihydroxyallopregnane^^ 
20-one and pregnane-3a,lli8,20«-triol. The structures were established^ 
by. partial synthesis of the compounds. 4The othier threei.metabol^ 
■$a-;li^^ihydroxypregniane^^ ■ 
''3jl^.^ydivoxy-^ 

/ rieriei-20-ohe ariS'pr^gnine^a ; Ili8v20/34i3^liibs beeiivxlesicribe^.' '..■'■Mrlk^sfi'yfA 

; ;: We iyi^ish to'expYeW'o^^^^^ ^1^!^" ^Meyer aod Bernard; 

>f or^chnicai ais^istknc 
anci to. Syntax 

;?si^^iid$;^^ Theiii^^i^^' ,t(^'expfe';their jiip^tfijB:jteirg6'P^ 

?gr6ui)?pf devoteii^^^^ 
tjw^ork p 

earned ^)u^ ^he sti^ervision of jRuth;iran(tor^ 

Cjplprihiei^c; ^a^^ 

lijifr^ired "spect^mlti^fv^ 'df; feiedeinli^^If^mgi-^v^ 
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-^^^ Procedures* 

From the DejmHmenU of Biochemistry and of Obstetrics and Gynecology, College of Physiciaris and 
Surgeons, Columbia University, New York, New York 

(Received for publication, January' 31, 1958) 
(6). 



. . ^Because of the sensitiyily of some steroia^iuifates to acid 
to heat, mUd methods of liydrolysia for tiiese conjugates have 
pfj^n cpntihuously sought. Alone among those chemical 
M^ethpdo which have been suggested (1), the procedure consist- 
^hag f the exhaustive continuous extraction of appropriately 
feS^iHifiod ftoueous solutions of these conjugates with ether (2, 3) 



It was analyzed for K, as follows: 
Hff Oft SK 



Calculated : 
Found: 



K,9.55 
K,9.Q2» 



^jicidified aqueous solutions of these conjugates with ether (2 
ii has found wide use since it is practical and does not result in 
^artifact f rmation. Although this method has been successfuUy 



The mtc of hydrolysis of DHS was followed by determining 
the concentration of the liberated st^oroid alcohol. The free 

^ _ steroid was separated from the unchanged sulfate by distributing 

^^lied tourinesand to blpod (4), thc^^ thejtmtcnte of tlie rea^^ mixtures under stiidy ^frw^ 

^Sws^has notsb^ T^*** ttiis type of hydrolysisj;^ o|%jj^^ benameiHsO, cW 

S^dtees not OM^ simple displacement of the equiiib|i{; I^j'^^^ aceti^|Hs© 




HjSOl was allowed to icmain at room temperature ovcimight, plished by plunging aliquot^j of. the ^reaction mbiture, at appiiKySj^^^ 
hydrolyjgis occurred despite the enormous excess of priate^ lime inten^^ into one of the above maitioned organic; 4^ 



fe the-lnsolub^^ ^^i^l^^^^PK wit^^^^^ 

below) reveal^ of jsniain^ ypjfiy^ JJiqucits 
|i changed on stimding for 9 days at room temperature, The tHc or^^^ 

BS bibscrvatioh that substitution of ' benzene • for. : etheir ; in tlie con- ; . ^cjmpcrt^^ to ,d^^ss striam of nitrogen: - i;/rhq^d^ydix^ 

^^tiiiu us exUaction of ihe acidified solutipn of JfDS diclcnot^re^^ .residup^jwM . d^^ 



priate; 



^in hydro^ equilibrium ficipre jwert ^^^^ of ; HoltbifT^^^ ^ 

' ' " " " ' * " '" "'- ' ■ ■ ''''' "'^"*"' '^T^e^partij^ systieins' 'Ik^ 




§StrMtion appai^i^ The apphcation of these procedures tp^ tlfead^^^ 
^Ittraia^urimeisaisoH^ ^ wasnece^^^ 

* to di^ess resulte in decomposition with a coiJ^ 

of the Zimmennann titer. Solutions of the /pyndin lum siute'^^i^^^ 
are, stable and may; be jevaporated without dffici^l|}^ '} '.--^"^^^ 

tJrinary were chromSfttograpfied' 1^ 

elution tectmique on alumma (9). Carbon disulfide 
of thr contents of the ehiates comprising a jbhiro^^ 
peak were identified by their infrared spectra using a mddef l2,;^;^;\^ 
Perkin-Eimer infrared spectrometer. 



' t All »lvent8 used were Mallinckrodt, analytical grade, and were 
(i^^i^iil^ without further purification with the exception of the 
; eiaier Which tos tedirtiUed over KOH b^^^ use. The latter 
^|)jfec^ determined with acidified 

iKjl^iptit^i^^ PDS was prepared , treating 

^ii^ci^iilcMuidf^^ pyridine 
i^lfvirt^^ (3)* melted 




RESUI/rS 



/. Af odel Experiments an the 'Hydbrqlys^^ 

The following experimente were 
tiie two-phase ether hydrolysis occurs iiii 
not result from a displacement f equiilbri^^ 

.» This analysis was carried out 
New Jersey. 




- TM jiarMton of p^^^ (pH 1) and (6) aqueous 2 N HiSO^; wene, pji^fed^s^^^^^^ 

• >»«^^ funnels and were vig rou{fli>;>iBl^^ 

houre during each or 3 workjng^^iB^ 
an equal volume of rganic solvent. ^ At TOribiMitimfe^^ 
aliquQts were withdrawn from t|tic'or^nic,j)Ka8c 
dehydroisoandrosterone was determinied as de^ribi^ 
This reralts given in;%.,i; ^t^i^iiii^Oiitiimaei^^ 
tions of <*»ese ejqwrimeiits; ihe^ 



No. 


Solvent' system 


Voi/of 
.each ' 


Corg* in Mg./ml. 






pbft&e 


1- 


04 N HiSOifEtOAc 


4 




2 


1.0 N HjSOirEtj^^^ 
2 .0 . N HtSOVtEtO Ac 


4 




3 


4 




4 


0.15 M NaCiiEtOAc 


4 


iet 


5 


1.6 M NaGl:EtOAc 


4 


112t (K » n 0^ 


6 


3.0 MNafcliEtOAc 


4 


240t 


7 . 


3.0 M NaCl:£t6Ac O.In 


4 


244t 




HsS04 




8 


2.0 N HiSO^rCH-CI, 


4 


1.6§ 


9 


2.0 N H,S04:CHCI, 


50 


2.0§ 


10 


2.0 N HsSOiiBenzene 


II 


0.3§ 


11 


0.1 N HsSO^rEther 


50 


4.7§ 


12 


2.0 N HsSOfiEther 


50 


31. 0§ (K « 0.3) 



aqueous phase. 

t C.q before distribution = 245 Mg./ml. 
JK, partition coefficient = fcorg/Caq. Caq is calculated by 



Shaking a 2 n H2S04 solution' bfPlJS widi^^^ 
only 5.7 per cent hydrolysis after 72 hpure ^Gurv^^)- ^p^ 
and benzene as the orguiic phase^ no hydirlysisliia^ 
whereas at pH 1 and ether as the solvent 26 par cent hy^rolyi^ 
was achieved (Curve O. In contrast, in 2 n spiiiti^ 
with ether as the solvent, hydrolysis was quantitative (G^rv^ 
in 72 hours. Using CH2CI2 as solvent with 2 n H:SO;afi aqu^m^ 
phase, only 7.5 per cent hydrolysis occurred after 48\hcnire^ 
Since benzene and methylene chloride are as good cxtracti^l^ 
solvents for dehydroisoandrosterone as is ether, it is clear tJiafc^^ 
hydrolysis does not proceed siniply by way of constant rvmbvol^ 
of the liberated steroid. - 
That the hydrolysis is not catalyzed by the ether in the aquepiwh^ 




m 
ft. 



'90 



'''' fepi«Vfi5Vjjj i'^e^^'ksmi 



^!S;::v.::;''^';:<:sr''ia6o: 



20 




imi hydrolvRm^or :fr3 per centi^;^; f^^ 
bibn'was'r6^xi^^ 




'° ^UR^ ^ '° 



■ : *^^?*?aed^ty to tHc ^liyd^ly^^^ of ketos^^ ' ['-^ 




achieved by- ethy^^ extraction of a; 2 ir^HiSG^^ 
Under th(^: TOrriditio^^ in ethyl acetate hydioljrzos v^^^ 
slowly, bui^ when saturated with water is adcled to 
solution, ra^d hydrolysis occurred (Curve 4^ih Fig;. 1 ; &8p^ific| 
rate constant calculated for Curve A is 4.6 x lO^^^sec^^^O^: 

An insight into the role of the acid concentration bh^th^ Ir^ 
of hydrolysis with ether in the two-phac^ eyste^ 
B and C), wis supplied by the resuits oftfie paitiik^^ 



Fig. 1. Rate of hydroIyBis of dehydroisoandrosterone 
hydrogen sulfate 

; ■■■■A. Obtained with DHS in a homojieneoua «i»ction mixture con- supplied by the «su.tBorthe;p?|rat^^ 

pStotihgp£6per centetiyl acetite per cent ^uTSated Jf^ J" , ? " fhm this tab^i^^ 

^m^^^-^!^'- ; TTw reaction intttiire Was pi^^red by extracting ^ aqueous phase the mbre^$>Bi8;i8 eMot^^ 

|M^^^^|;^^«^t|g^^^ , While this manuscript was in iyp^^^^^S^"^ 



by :tHi9K^ of acid ;ia;^e»9^ well 

jjdeihonitm ■ with ethyl acetate. • At eqii^ ' ionic : strength 
lt(Si^pB 1: anil;^4; '2; aiid 5> an mcrease ih^ 
' caiised a t>ett^^^^^ m salt 

concenti^tioh Since: little iboin^^ acid is. extracted by ethyl 
acetate (final rancentratiph, about: 10^ h, as determined by 
^titration) or. by ether, it is clear liiat the increase in the acid 
^|;;ii6oiicentm with ether 

^^^^ merely by iidcrei^ing the extractability of the DHS which then 
iS^ : solvolyzes in the organic phase iii a manner described by Curve A 
' in Fig. 1. 

//. Procedurea for the Hydrolysis of Urinary 




DEHYDROr^ 



DEHYDRO 



'DEHYDRO\ 



A. A Simplified Two-Phass Hydrolysis— Based, on the results 
reported in Section I, a simplified procedure for the hydrolysis 
of urinary ketosteroid sulfates which does not necessitate con- 
tinuous ether extraction was developed. It consisted of bringing 
urine to an acid concentration of 2 n by adding the calculated 
amount of 50 per cent aqueous H2SO4 cautiously with stirring. 
The solution was then covered with a layer of ether equal to the 
V lume of the urine and vigorously shaken in a cork-stoppered 
' bottle 5 times daily for 4 days. The ether layer was then sepa- 
rated and worked up in the usual manner. 24 hour urine spcci- 
^ mens were firet'hydrplyssed^^by thw procedure and ihen the spcjativ 
^1 ^piriries ; were; cpntiii^^ . with" ether for 72 hoin^. ' 

V?, :|^Eacli^ ellier^ tix^ sepiuiteiy' by^ Ijie* i^^Ti^- 50' r^^l^O^ 

-^^^ the r^ults arefiilu^ 

pFig.-2i'^'^Alt^ug^^^ *i 
■ I (elutiori; volume «^ 750 ml v)- no ketibsteroid' 'was;d^ beyond ' ' 
;v300 mli^of^cffli^ and^^th^ifore the ehdl^iT^the chjrdiri 
;;r are^npt-depicted; ;. ■."J'^v;-. ■ ' S^.i I 

* 1 1 is e videht\ihat th is 
g of 'urmary; ketbs^ 
was any^i^^ 

r^iti", K,; coiiUnudus^kxtraetionViit^ tliis instance dnlyil 




350 
300 
250 
200 
I 50 
100- 




-D 



DEHYDRO 




, F!.iG^j;2. ..Hyd roly.sia of uri nary ketosteroid - sul fates ' ' 




the ^twG^^ 
§ - >i^lJh^ ot^ shakine - 




that had- been Padded to-lOpO-ml/pf pregnancy 
chromatc^raphic analj^iis had demonstmi^: that !th^^^^^^ 
urine contained 1 1.0 mg. of. Zimmennann i^c^^ 
the eluates in which dehydruisoandrosterone is usually encoun- 
tered . However, infrared analysis failed ' t6' establish the identity 
,of this material. When 15 mg. of PDS (equivalent to 9.9 mg. of 
dehydroisoandrosterone by the Zimmermknn color reaction) 
was added an equal volume of this urine and the mixture 
hydrolyaed by Proc^ure A, 10.4 mg. of crystalline dehydro- 
isoandrosterone (quantity estimated colorimetrically and identity 
c nfinned by infrared spectrum) was obtained by chromato- 
graphic analysis. 

ft/r Vrtmfy.Kdoi^e^ in^EihylA^ 
:fia«[j4 , n\ th^^^^ f the {Munition experimentip lis^ Table I 

.and'.^g^^ V^iU be repbrt^i else^ 

|^^'$A>m t steroid hydrogen 

|^uljf^i!^j|w^ :the 
5|B!il?wlJ^8/f^^^ ^Variislyjpf/ rgjanic sblyenU and first 
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n simple; . mild; >pr()cedure was doycloped^ fpi^ iljief^ 
urinaiy , ketosteroid sulfates; iti homogeneous ^cthyl -acetate 
phase. - In this process the urine can be , treat^: in {one of two^.^ / ' 
ways. Itf may be either acidified to >2; W.vwith. fljSQ^ (s^ 
System 3, , Table I), or acidified to pH 1 and brought to a salt • 
concentration of 20 per cent with NaCl (Table I, Solvent r * 
tem 7). By shaking the urine with ethyl acetate a qiianr' : 
titativc extraction of DHS can be achieved. The ethyl .: 
acetate extract is kept at 38** for 24 hours whereby - a. 
quantitative hydrolj'sis of DHS» isoandrosterone (3/^hydroi^- ' 
androstan-17-one) and androsteronc sulfates is obtained. Ip; a ' 
model experiment, an amount of PDS equivalent to'lOld '^ 
dehydroisoandrosterone was dissolved in 60 ml. f ^^^p^^)^^^^^ 
NaCl eohition brought to pH 1 with HsSOf; TheiwUiti^^ 
extracted nee with an equal volume of ethyl ace&t^viw 

rder kinetics with respect to the sulfate, 
press.) 



(/.. Ai^mfm^mm&t 
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the organic extract left at 39** for 3 hours. At thiB time the 
ethyl acetate solution wi» :iyashGd with sodium bicarbonate 
solution and water and ievapprated to^ d^ Colorimetric 
analysis of the crystalline residue indicated 10.8 mg. of dehydro- 
isoandrosteronc. Under similar experimental conditions 5.5 
mg. (expressed colorimetrically as dehydroisoandrosterone) of 
potassium isoandrostcrone sulfate yielded 5.4 mg. isoandros- 
terone. Similarly, after 10 hours 6,8 mg. of potassium andros- 
terone sulfate (expressed as dehydroisoandrosterone) yielded 6.2 
mg. of andrbsterone. Based on these results a 24 hour solvolysis 
period was chosen to assure complete hydrolysis. Because of 
the presence of chloride ions in these experiments, about 2 per 
cent of the artifact, 3'?-chloro-A'^-andro8ten-i7-one, was formed 
froni DHS. Consequently, it may be advisable to replace 
sodium chloride with other inorganic salts. The nature of the? 
salt, however, determines the concentration of water and mineral 
acid extracted into the organic phase and thereby influences the 
rate of solvolysis. Thus, when ammonium sulfate is substitut(Ki 
for sodium chloride complete hydrolysis occurs only upon raising 
the acid concentmtion in the ethyl acetate extract to abcjut 
10~* M with p-tolucne sulfonic acid. 

Several recover)' experiments .were carried out with urine to 
evaluate Procedure B. To 1000 ml. of human pregnancy urine 
c ntaining, as proved by previous analysis, 0.5 mg. of ;Zimmer- 
mann reacting but. unideiitififtble ^(m^ miiterial; in iS^^^ 
dehydroisoandroaterorfe ■ e 
Kl-.v4:6^-nigif or^;Jehyidn^ 

.''Kydroi^iai l^^H>ci^&b '1^,^^^ 
Ms . ' : j^g>.- 0f "-^ were' ''^ recoye^ 

J wdien;li0J^^ of the -il^^ 

were ddded to lOCIO' ml. arriormal humahturi 'cbn44iihinglT):8 




low distribution coefficients of the hydrogen sulfates in these' 
solvents (Table I). 

In Procedure B advantage was taken of the high extractability vv 
of the steroid hydrogen sulfates by etfayl acetate and the relit^ -iv^i 
tively rapid solvolysis that occurs in this solvent under ihe condi-^' ^^^^ 
tions described. In this method* the steroid hydrogen sulfate^:;:':; 
must be kept in solution for should it become insoluble, as might 
occur during concentmtion of the solution, it will escape by .ol 
ysis. 

The dioxane procedures of Grant and Beall (10) and of Gohcni 
and Oneson (11) are likewise examples of solvolysis in an organic 
phase. They differ from the procedures described here in that 
both techniques require that the sulfate be isolated in reasonably' 

Prwr'to'^'^l 
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pure form, free of water and interfering substances, 
hydrolysis in the dioxanc-trichloroacetic acid mixtures, th latter 
procedure (11) requires extraction of the sulfate from urine with 
butanol, washing the butanol ex-tract to remove interfering 
substances and evaporation of the solvent in vacuo. 

The procedures described in this paper afford a quantitative 
hydrolysis of urinary steroid sulfates by simple and convenient 
techniques. The necessity of employing continuous extraction 
apparatus is eliminated, thereby facilitating the routine handling 
of urine specimens, regardless of the number or volume. Ex-trac- 
tion by the conventional Kutncher-Steudel apparatus is ften 
attended by practical difficulties^ / 
v overof acidified ;urine>m V ■ 




p^^:AU:!.^i'rb& :thessl^(3i^ * pl^^^ ^^IM?''?^^^^^ 



' Tlie c&centration^^ 
i l(>T^ipr^ an^ 
\''^the'recov^ 6rabiA:am 

.',^;;^'JKe!jjii^ 

r'fiiliites,offOT.n6 itiif&ct;]8iiii(^e -^^^ 




iblv^Ms' im^^ " lysi^ of the wiilfates 




wntmuoiis.^ether: extraction,^ 
' . : occurs m-the ofganu; phase. i ' ; • ;•■ y /: ; ■ : 

; bi^t& continuous feth^^ eidradlion' 

; rate p^^^^ upon the rate prSBxtraction of|the 

hycirogen '^^ the or^nic solvent and upon the rate|of 
sblyolyais^m Obviously^ 'the first of these factors 
: depends upon ^ of the extraction apparatus and\^^ 

partiillpn coeffici of the sulfate in the solvent system used. 
In I^iedure A, where a noncontinuous (extraction system was 
U8ed, %e rate of hydrolysis necessarily depends upon the fre- 
t. quency of shaking. For example, when Ae experiment, whose 
- course is illustrated by Curve C in Fig. 1, was repeated with 
I: . icoatinitous mechanical shaking,* ^ P^r cent hydrolysis occurred 
, wittm 1^^^ The mefficac^ of benKne chloride 

I^J -M ifie twp^has^' j^^ due to the 

n^ ns, th 

process is 
t rate of soiyoiysis 

^ **** ^"^^^ 





andtby^ the smd aridrastiron " ■ ; ^^^v f^jt^ 

frorii: tyro- se^^ r >, :.-^^i^fi\^ ■ ,fe V ; ^v ; "^'^^^^^^^^A-H^^ 

/ Althojigfr^e^ been siKcesstuUy appliecl^tbi^^ -Uv 

urinie^iii^i^ that they dd not^necessorily repnekyf^ 

sent^e^l^ fiSlw^^ As they are c nstjti^^ 

tutedj.itiiey^ m^ few of a great^inany; variitionfi i^ 

can beideyisetl using the principles outlined.' It may be possible 
to develop superior methods of hydrolysis merely by selecting 
solvents which ex-tract the sulfates more efficicsitly and which 
will cause them to solvolyzc more rapidly. 

Although the observations described in this paper pert»n on|y:^ 
to Ci0-steroid hydrogen sulfates, tiie results are iiiuioubted^'^ 
plicable to other classes of organic sulfates., On the/b^isioif,^^^^^^ 
kinetic studies to be reported,^ it has been ptf^^ 
general mechanism which indicates that'sdlyjp^^ 
hydrogen sulfate will occur when and'if th^ 
solved in a suitable nonpolar medium; rl?hus^:a|nu^^ 
vided for the mild hydrolysis of other .patvml|j^|i^u^^ 
and tiiis may aid significantly ini the iirolatio^;^f|^^^^ 



^HMelx^t^m^^ its BolvitJyaia m the orpinic solvent/ -iWe gen^^ 

^^^^j^ji^bgjo^^ iFor ex- principles involved in this mild sblvolytic spUttipgi cif .;pii^^ 

^P^plef:j£Le^^ hydrogen: sulfates have been jl^ and^^-iUuBtrated^ w 

^orJpTO^ur^^ steroid i^fatds ahd with urinary samplW^ 'tSvo new prbcedi^ 



^j|Cat^' salts 0^^^^^ ndnpolar Both methods are based upon the obseTOtion that is^^ 

iMi^mc'^^^ may resdt in^tte loss of^ all of the drogen sulfates are rapidly solvolyzed at low temperatu^ 

^raiifai^'igiro ^ V dissdyed in,ari apph)p^ • : ^'''''■''■^'■■^^•'^•i^^ 
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Preparatioii f l>@B^^9i^^^^0gn nol n *3-sulfate and a Study .q| 
Its An maloiis Behavior During Hydrolysis 



BHAGU BHAVNANI AND SAMUEL SOLOMON 

DepaHmenU of Biochem McGill University, 

and* the University Clinic, Royal Victoria Hospital, Montreal 2, Canada 



ABSTRACT. Nonlabeled and high specific 
activity 7-?H-16a-hydroxypregnenolone-3-8iilfate 
were prepared by microbiological hydroxylation 
of pregnenolone-d-sulfate and 7->H-pregnenolone 
sulfate with Streptomyces roseochrdmogenes in 53 
and 6li% yield, respectively. Solvolysis, with 
perchloric acid in tetrahydrofuran, of the 16a- 
hydroxypregnenolone sulfate in the pure form 
and also when added to urine resulted in the 
liberation of 16a*hydroxypregnenolone and a 



second steroid identified as 16-dehydropi«gni^npl 
lone. Following Glusulase hydrolysis of V16|| 
hydroxypregnenolone sulfate the nonconjugateci 
steroid and 16a-hydroxy progesterone were idi^inl^ 
fied. This transformation occurs only whravtmt 
pure conjugated steroid is hydrolyzed 
Glusulase and does not take place when it,:;^ 
added to the urine prior to hydrolysis. (Enld^M 
crinology 84: 1230, 1969) 



THE ROLE of 16a-hydroxysteroids^ pared the labeled steroid sulfate and dui^^ 
such as 16a-hydroxydehydroep^^ 
r ^lirA^ime and its sulfate/ in the foraiation^o 
V:>' -l^rio^ fetoplacerrta^^ 
'ni i- has- hy^i . been extensively ^ s^ durirf g^^^ '^hfel^^^ 




lvX6«-hydr6x!ypreg^ we pre-f ! -refltK ibr^^t s lea#/^^ 



ReceivedOctobe^ .xo»™« were detennihai 
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of Canada (MT-1658). 

»The following trivial names are used: 16a- 
hydroxypregnenolone-3-sulfate=» 16a'-hydroxy-20- \ 
oxopregn-5-ene-3/9-yl sulfate; pregnenolone sidfate 
^2O-oxopregn-5-ene-30-yl sulfate; pregnenolone 
= 30-hydroxypregn-5-en-2O-one; 16a-hydroxypreg- 
nenolone=3 3^,16a-dihydroxypregn-6-en-20-one; 16- 
dehydropregnenolone - 3/9-hydn>xypregn-6,16-dien- 
20-one; 16a-hydroxyproge8terone = 16a-hydroxy- 
pregn-4-en-20-one; 16cv-hydroxydehydroepiandro8- 
terone-3-sulfate =='16a-hydroxy- 17-oxoandrost-5- 
ne-30-yl-sulfate; 16-dehydroandrosten-3a-ol =5a- 
androst- 16-en-3a-o!^^lfeAg|^go 
SS^A^l^SlS^^^^SSSI^^S^ 16-d hydro- 
pregnan-3rv-ol »3rr-hydroxy-5^-pregn-16-en-20-on . 



^' ' 3iT)xide prior to <^jstillatidh.i PPinCsJ 
:enriiified * on a"^ ^Coifler^^^fe^^ and aife1 

tained with a Perkin-^inler it^Erelrisd 
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eter (Model 221 Radibaiptiyity yiras 
sured in a Packard Tri-Carb Liquid Scintit 
lation Spectrometer (Model4322). The saniplcs! 
were first dissolved in 2 ml of methanol follow<^ 
by the addition of 10 ml of toluene phosplibr 
solution containing 0.3% (w/v) of 2^5-diph4i- 
yloxazole and 0.01% of l,4-bis-(5-phehyl- 
oxazolyl)-benzene. The efficiency of counting^ 
tritium under these conditions was 16%. . 

Purification of steroids isolated in thesel 
studies was accomplished by the use of paper 
partition chromatography with the solv lit; 
systems given in Table 1. Steroids were eluted 
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16ii-HYpR0XYF'RE^^^ 
Tablb/1. Spiyent Bysteins wed for paper chromatography 
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Solvents 



A 

D 

P 
G 
H 



IsopropyletherU-butanolrammoniuin ^y.^^£^l^^}:^!^U^^^{i} 

2A^^irt|iiitone iWuene -methanol :water (3:5:4:1) 
Beizehe : mc*lMuiol : water (2:1:1) 

gSSBiSSSSllbutano^ 





the Dfl-jer chromatogramfl with methanol re-extracted with »-butanol as described 

r»in some inatances were further purified by above and the butanol layer was evapo- 

l^iiatography on smaU siUca gel or ^umina ^^^^ ^ yjeid 8.6 g of a dark brown residue. 
I^lunins as described previously (5). Steroid residue was dissolved in methanol and 

Ipfaties were prepared 1^ the pwcedure de- activated charcoal was added 

feuSJM ^5:il:Lrewannedonasteamb.th 

7m ammonium hydroxide fol- and then filtered. The filtrate was evapo- 

by extraction with n-butaiwl, Steroid rated under vacuimx tp yield 3.8 g of a light 

a!atw Wei«UjSarhy^ gtraw' colored residiiel4*?Fhis residue /was irr Vr 




. . . , . . IbWoiizediih tetrahydrofuranKlpO ii^^ 

A total of 245 mg of freshly pre- acid^W .nd of solution at ^7 C fo^ hr) 

Pe^p^ll sulS was incubat^ i^^jfcotto with tHe^oc^j|h^^o^ 

iith St^ptomyces roseochrx,mogenes «^ ^ohn l.ieberm«v (9^^ 

iSree davs as previously described (5). product was purified by paper chromato^ 

tZZol the iLdium was ex- raphy in systems D and E and in bodi 

^^^^JZ times with twice the vohime of th^ systems it had t»-^^yof ^ 

l^irtanol; the butanol extract was washed Mrojypregnenolone^ T^^^ 

IWith wateV and evaporated to dryness un- was ^J^^^^ 

r vacuum The residue was partitioned column and elution w th 9% ethanoi m 

IbeJw^nher w^^ter and tl^ ther ex- benzene yielded a product which ™ re- 

H^^nL^ma^^ crystallized from methanol and ethanol- 
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2000 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700^^^ 
FREQUENCY CM"' 

Fio. 1. Infhired spectnun (KBr) of 16a-hydroxypregnenolone-3-sulfate. 

hexane. The crystals had a mp of 230-234 Streptomycea roseochromogenea as df 

C, a mixed mp of 230-233 C with authentic scribed above. The incubation medium #| 

16a-hydroxypregnenolone (mp 230-232 C), extracted with n-butanol, and the produl 

and an infrared spectrum identical with obtained was purified as described, exi^^' 

that of 16a-hydroxypregnenolona ; ^ that the treatment with chari^ I ' 




pound cprrespbnding fe mobility to preg4 from the crystisdliziatioii' of the sulfa^^^ 

nenolone sulfate. This latter materiar was second aliquot containing ' 2.9 X10< 

eluted and the eluate filtered and evapo- wassolvolyzedandthehoncohjugatedpr^l 

rated to dryness. The residue was next chro- uct was chromatographed on paper 4p 

matographed on system A for 15 hours and systems E and D. The radioactive matera^ 

then in system C for 18 hours. A single corresponding in mobility to 16a-hydrbxvl 

radioactive compound was observed in both pregnenolone was eluted and 1.18 kl^ 

systems comesponding in m bility to preg- cpm of this material was mixed witli tsl 

nenol ne sulfate. The material luted from mg of carrier and the mixture crystall^^ 

the sec nd chromatogram contained 2.4 X to constant specific activity as showii 

10» cpm and it was then incubated with Table 2 
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TiuaLB 2. Proof of radiochemical* 
(7.»H)-16a-hydrbxypregiira nie- 



Specific activity (cpm/mg) 



BSrystallization 16a-Hydroxy- 
pregnenblone- 
3-8ulfate* 



16a-Hydroxy- 
pregnenp- 
ionet 



Table 3. Proof of radiochemical purity 
f 16a-hydroxypregnen Ion 

Specific activity (cpm/mg) 

Crystallization 16a-Hydroxy- 16a.Hydroxy- 
pregneno- pregnenolone- 
lone diacetatet 




2 
3 

Calculated 



1410 
1490 
1390 
1460 



670 
680 
670 
630 



Calculated* 



2350 
2260 
2260 
2520 



2390 
2380 

2260 



''tA' total of 1.84X10* cpm of the solvolyzed in molecular weight. 
ppiYiduct was mixed with 18.6 mg of earner 16a- 
lihyiiroxypregnenolone prior to crystallization. 

Wormation of f§mj/dr<^pi^tiolo^during 213 C and a mixed mp of 213-214 C with 

feroiysw. FoUowing solvolysisof »H-16a- authentic IB^dehydrbpregnenolone (mp 

M^ypr^nenolone 8uMate,= a jsmaU 212-213 C).;J*UR^«;tnm wa8^^^ | 

material less^polaj^ than with ; that Qf^||^de|g|rppr^^ 

m^>mmm^MiikiJ^.itr^ -order -to •demomstrateltha^^ 



i 



4 
3 




pyeh<>lbne described above. 
i^WUV powtWe material weighed 1:1 nigi^^.^^^^^^^ 

?^d contained 6.6 xl0» cpm and repre^ drbxypregnenolone by this proc^ur^. 

sented 9.4% of the original radioactive ma- When »H-16a-hydroxypregnenolone.3-8ul- 

%erial. It was further purified by paper fate was added to nonpregnancyunne and 

^chromatography in system G. The material a tetrahydrofuran extract, prepared m the 

ieluted from the paper was chromato- absence of acid, was refluxed as described 

I iraphed on a 1 g silica gel column and elu- above, no solvolysis of the conjugate was 

I tioi with 3% methanol in benzene yielded observed and no IB-dehydropregnenolone 

ug of a product which after crystalliza- was detected. When the tetrahydrofiiran 

' iibn from acetone-ligroin B gave 110 of a extract was refluxed in the present of per- 

. crystalline material haviiig a mp of 211- chloric acid, solvolysis occurred and sizable 
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Table 4. Radiochemical punty of 16-dehydropregnen 1 ne isolated after solvolysis 
of n npreghiant and pregnancy urine containing trace 
amounts of >H-16a.hydroxypregnenol n -S-sulfate 



Specific activity (cpm/mg) 



CrystaUization 



Nonpregnancy urine 



Pregnancy urine 



16.Dehydro. 
pregnenolone 



16-Dehydro- 
pregnenolone 
acetate 



16-Dehydro- 
pregnenolone 



16.pehydrQr^S 
pregnenolone 
acetate t 



1 

2 

Calculated 



1270 
1330 
1280* 



1390 
1390 
1330 1 



1230 
1290 
12001 



1260 
1250 
1290 1 



♦^^'^l?S^''"*^*®'*•^'^*^^ activity was obtained by adding 11 mg of carrier 16-dehydropregnenol6^ 
to 1.4X10* cpm prior to crystallization of the mixture. h e '"*"??| 

la/\Sgl?^ ^^^^^ ^^'"^ acetylated and the specific activiUes have been corrected for changes in molep 

f^*iT^®in?*^"*^*®^'®Pf^^ activity was obtained by adding 10 mg of carrier lO-dehydropregnenolon 
to 1.2 XlO* cpm pnor to crystallization of the mixture. ^ ■ wa 

■'Mi 

'■'St 

amounts of 16-dehydropregnenolone were lO"* cpm of 'H-16a-hydroxypregnenolo^ 

' sulfate. The urines were extracted andiMf 




■ : ■■ ^-^i^^m^jS^^^^j^i; l^^hydropregheno- ;|-6h a • If^laiitraaMjd^^ 

.^on'^kt^ m^^ was identified ^^iMehiipl^^ 

B'ixrpid. . ^ - by isotopic diluvicn analysis in the manma|| 

shown in Table 4. These results clearly mf^^ 
Soholysia of 'H-lSa-hydroxypregnenolone dicate that dehydration (luring solvoly^i 
sulfate in the urine of the pregnant and non- also takes place in both nonpregnancy anS; 
pregnant female. In order to ascertain pregnancy urines. 

whether dehydration of 16a-hydroxypr^- V,;. 
nenolone-3-8ulfate can occur in urine, the Hydrolysis of *H-16a-hydroxypregnenpU^ 
following set of experiments was performed, sulfate with GlusuJase. A second method foC 
To separate 100 ml portions of nonpregnant hydrolysis of »H-16a-hydroxypregnenolone.' 
and late pregnancy urine was added 1.8 X S-sulfate consisted of incubating the conjii- 
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16«-HYbRpXYP]ElEfc|NEi^0IX)NE^^UL^ 



1236 



mm with Glusiilase (Endo Laboratories, mately 35% of the original radioactivity 

Irnleh City, N Y.) according to the pro- was present in the area corresponding in 

Sluie described by Ruse and Solomon (5) . mobility to 16a-hydroxypregnenolone, and 

'" one such experiment, 5.7 XlO» cpm of was not further processed. A UV positive 

a«igc«:hyd*oxypre$nenolone-3-8!4fate material which was less polar than le^^hy- 

^^vi^in WO M of distiiled water and 5 droxypregnenolone was also observed; This 

i^f^ac^tite buffer ^^(^^^^ material contained 39% of the onginal 

li^deOlusulase (50,000 units of glucuroni- radioactivity and was further purified by 

& 25 p00 unitsof sdlfatase) were added, chromatography using systems G and F. 

Kmixture was incubated for four days at The compound eluted from the last chro- 

i Gi It was found that 62% of the conju- matogram was further purified by chroma- 

l^te was hydrolyzed by this treatment and tography on a 1 g alumma column. Elution 

fhe resulting neutral extract was chromato- with 1.5% ethanol in benzene gave 950 /xg 

|i£ph^ in system E. Four areas of radio- of a white residue which on crystalhzation 

liive material were observed (zones 1 to 4 yielded a product whose infrared spectrum 

i i decreasing polarity). The least polar was identical with that ^^<'-l^y^J^^J^y , 

Material, zone 4, accounted for 49% of the progesterone and had a mp of 218-222 C 

217-222 
.when 




'''■lii !'■'■':<'.■ '-id! 




lloiiierfilsi^'ym^^ -~^;^--:W'^.v\ ■j'.' ^--j lUu^ijij .•' 
lerest thertf6re to determine Whether the- prepirm^^^^ tritium^aabeled and npnlabel^^.j ; 
fe^i6tt-hydri«ypregnenolone, rather • ^yui 16a-hydr6xypregnen9!one-3-si^^ by mi$hVi ''J^ 
^ate cbiild be converted to 16<i-hydr6xy-: cirobiological , hydroxyUtion of pregneno- ;., ,v ^^|| 
■^Ixjgesterone and such an experiment is lone sulfate with a strain of Streptomy^? ^.^fl 
id^scribed below. • mseochroniogeMS. A similar method has 
■ Two mg of 'H-16a-hydroxypr^gneno- been described for 16a-hydroxylation_of 
lone, containing 1.9XlO« cpm, was incu- dehydroepiandrosterone-3-8ulfate (7). The 
bated with Glusulase for four days as de- structure of ISa-hydroxypregnenolone-a- 
fcribed above. The neutral extract, con- sulfate was determined from its infirared 
tairiing 16X10« cpm, was chromato- spectrum, sulfur analysis, and from its con- 
graphed on paper in system E. Four main version to 16a-hydroxypregnenolone after 
areas of radioactiv material were observed solvolysis. 

oh the paper chromatograms and approxi- During solvolysis with perchlonc acid m 
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teti^hydi^^ lowing such an experiment it was ftSI 
matenal was formed which was identifiArf fhaf Ador „f ♦u^ u..j„i. jr —j. 



imitierial was formed which was identified 
as 16^dehy(clfopreghenoIone. This observa- 
tion is significant since steroids such as 16- 
dehydroandro8tM-3orol (12-15), 16rdehy- 
dropregiwiir^^^^ 

nan-3o-ol (17) to^^ been isolated from 
urine after subjecting the urinary conjugate 
to various forms of hydrolysis. The results 
indicate that dehydration at position 16 



that 49% of the hydrolyzed radioatti| 
material was in the form of 16a-hydrpkl 
progesterone, while only 14% was r©c||| 
er^ as 16a-hydroxyi^i«gnehplon^;^^^^T 
results point to the prince 6f a |?3 
hydroxysteroid dehydrogenase in tlie^OT 
sulase preparation used. When the sterol 
conjugate was added to both pregnanll 

•xu Y J • and nonpregnancy urine and the hydrblyiil 

ocjnirs with 16a.hydroxypregnenolone-3- with Glusulase was repeated, no l^Mi 
sulfate as weU as with 16a.hydroxypreg- droxyprogesterone could be detected atl 
nenolone. These experimente were done the only product found was 16a-hydr^i 
withpure steroids and the question arose as pregnenolone. Thus, it appears that th^ 
to whether this dehydration would occur in is a factor present in the uriiie which i# 
a medium such as urine. When 16a-hy- hibite the A*-3/3-hydroxysteroid dehydri 
droxypregnenolone sulfate was added to genaseactivity present intheGhisulaseprro^ 
pregnancy and nonpregnancy urine and thet aration. There is good evidence to indicil 
solvolysis repeated, the fpiroation " • ^s^^ 

dehydropregnenolon€(j; " * 
These results 
some caution 

''^W^M^^^^Wmm W;isolat^*'iiiS^fe^?g^iii^ , 

^ ^. .^^^[^^ , :#idratior^ii^nH|^#a^ibei:^^ 



■^I^^f~" ^^" i^r^-^^'-'-^'''^"''^ '^^'^ ouiiM"ar3f ,.i;ne rata presentea mdicatfef - 
a%re|a^ (10)# that it i%i6s8iBm(l^foto6-ddiydr(^ ^ 

&)lyolysi8.of steroid sulfates in tetrahydro# oids whetfMti#ttc6ktaiiiirikl6a-l "' 



Jiu^ in;^ abisence of acid has been pre^l 
viously describe (11). 

This unusual behavior of 16a-hydroxy- 
pregnenoIone-3-8ulfate led us to investigate 
the hydrolysis of this conjugate with en- 
zyme preparations. Glusulase, which con- 
tains both sulfatase and /S-glucuronidase, 



pregnenoldhe'^and' itsf Sulfate ' a 
ted to acid^ catalyzed 'hydrolysis. Ghisul^ j 
hydrolysis leads to the transformation of 1 
16a-hydroxypregnenolone and its sulfate t^ 
16a-hydroxyprogesterone when pure steri^j 
oids are substrates but this conversion wsjs' j 
not observed when the steroids were addedll 



, , » — — rwimii uic ObClulUB were HUUCU 

has been used very frequently to hydrolyze to urine. These findings point to a need fo| 

urmaiy conjugates and w attempted to caution when the hydrolysis of steroid con^ 

hydrolyze 'H-iea-hydroxypregnenolone-S- jugates is used as the only means for identi- 

sulfate with this enzyme preparation. Fol- fying such compounds. 
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ABSTRACT 

Pooled and individual plasma samples from human fetuses 
of 10 -ZO weeks' gestational age were collected from the fetal 
and placental sides after dissection of the umbilical cord. 
Fractions of unconjugated and mono- and di sulfates of neutral 
steroids were separated and the compounds in these fractions 
were identified and estimated, using gas -liquid chromatography 
and gas chromatography - mass spectrometry. Only progesterone 
was found as an unconjugated steroid exceeding the limit of 
detection (about Ifj-g/lOOml of blood plasma). 1 6a -Hydroxydehydro - 
epiandrosterone, dehydroepiandrosterone, pregnenolone and 3P, lyp- 
'dihydroxy -5 -androst en - 1 6 -one were the main compounds in the 
monosulfate fraction and 5 -androstene -3p, 1 7a -diol among the 
disulfates. 1 6a -Hydroxydehydroepiandrosterone, 1 6a -hydroxypregn - 
enoione and 3p, 1 7a -dihydroxy-5 -pregnen -20 -one monosuliates were 
present in higher concentrations in the blood flowing to the 
placenta than in the blood returning from it. 

HMTRODUCTION 

An extensive metabolism of neutral steroids, many of which 
serve as estrogen precursors, has been demonstrated to take . 
place in the feto -placental unit (see e._g. 1,2). in investigations 
from this laboratory, endogenous neutral steroid mono- and 
disulfates have been determined in some fetal tissues (3, 4) and 
considerable differences were observed in the amounts of these 
conjugates in term amniotic fluid as compared to those in the 
amniotic fluid collected in early and mid -pregnancy (5, 6), There 
are several reports on neutral steroids in cord blood of newborns 
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(7-21) but there seem to be no data on the endogenous neutral 
steroids in the blood of fetuses at earlier stages of gestation. 
In this study, unconjugated as well as mono- and di sulfates of 
neutral steroids were identified and determined in fetal blood 
collected in early and mid -pregnancy, 

MATERIAL AND METHODS 

Fetal blood was obtained during interruption of pregnancy 
(of 10-20 weeks* duration) for socio-medical reasons. The fetus 
was delivered by abdominal hysterotomy, the umbilical cord was 
dissected and blood flowing from the fetal and from the placental 
side was collected in separate heparinized tubes. The plasma was 
separated by centrifugation and the samples were stored at -20 C 
until analyzed. Due to the small amounts of blood obtained, most 
analyses were performed from pooled samples. 

Solvents and reference compounds were as described pre-" 
viously (sec c. g, 3), 

Trivial and systematic names of steroids. Dehydroepiandro - 
sterone, 3 p -hydroxy'' -5 -androsten - 1 7 - one;. 1 6a -hydroxydehydroepi- 
androsterone, 3p, 1 6a-dihydroxy-5 -androsten - 1 7 -one; pregnenolone, 
3p -hydroxy -5 -pregnen -20 -one; 1 6a-hydroxypregnenolone, 3p, l6a- 
-dihydroxy -5 -pregnen - 20 - one, prog e sterone, 4 - prsgnene - 3 , 20 - dione . 

Procedure, The plasma samples (2,4 - 5 ml) were processed 
essentially as 3escribed previously for adult human plasma (22). 
After extraction, the samples were chromatographed on Sephadex 
1jH-20 and fractions of unconjugated and mono- and disulfates of 
neutral steroids were obtained. The sulfate conjugates were cleaved 
by solyolysis, and the \znconjugated steroid fraction was purified 
by solvent partition between ethyl acetate and 0, 1 N sodium 
hydroxide. The. compounds in the three fractions were further 
fractionated according to polarity on a 3-g column or silicic acid 
(23). Finally, the silicic acid fractions were purified on a 200 -mg 
silicic acid columji (22), 

The compounds in the fractions derived from the unconjugated 
steroids were analysed after the formation of O -methyl oxime 
trimethyl silyl (MO-TMS) ether derivatives (see e. g. 24) and those 
from the sulfated fractions after the formation oF trimethyl silyl 
(TMS) ethers (see e. g. 3). In quantitative analyses, a known 
amount of stigmasteroT (9 Lig) was added to the samples prior to 
the formation of the derivatives and the measurements were per- 
formed as described previously (25), 

Gas - liquid ch r omat og raphy (GLC) was performed on 3 % 
QF-1 and 2,2% SE-30 colunans, using a flame ionization detector 
as described previously (25), 

Gas chromatography - mass spectrometry (GC-MS) was carried 
out with an LKB 9000 instrument ( LKB-Produkter AB, Stockholm - 
-Bromma, Sweden), using QF-1 and SE-30 columns. The energy of 
the bombarding electrons was 70 eV and the ionizing current 60 fi A, 
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A compound was regarded as identified when the relative 
retention times (RRT) of its TMS or MO-TMS derivatives and 
the mass spectra of these derivatives were the same as those 
of an appropriate reference compound. 

RESULTS 

Table 1 stimmarizes the steroids identified in the un- 
conjugated and mono- and disulfate fractions of fetal blood 
plasma. The mass spectra of these compounds have been pre- 
sented earlier (3, 25-29) and will not be discussed again here. 
Fig. 1 shows GLC analyses of two silicic acid fractions of the 
monosulfates and Fig. 2 a GLC analysis of the disulfate fraction. 





Figure 1 , 



38 10 min 

GLC analyses of the TMS ethers of neutral steroids in the 



mono sulfate fraction of fetal blood plasma. Upper curve: Fraction 
eluted from a 3-g column of silicic acid with 20 ml of 27 % ethyl 
acetate in benzene ; lower curve : Fraction eluted with 20 ml of ethyl 
acetate. 3 % QF-1 column, 215°. The numbers refer to the TMS ether 
derivatives of 1 = dehydroepiandrosterone , 2 = pregnenolone, 3 = l6a- 
-hydroxydehydroepiandrosterone, 4 = 3(3, i 7p -dihydroxy -5 -androsten - 
-l6-one, 5 = 1 6Q-hydroxypregnenolone. 
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Figure 2. GLC analysis of the TMS ether s. of neutral steroids in 
the disulfate fraction of fetal blood plasma, 3 % QF-ij 215°, The 
numbers refer to the TMS ether derivatives of 1 ~ 5 -androstene - 
-3P, 17a-diol, 2 = 5 -androstene -3 (3, 1 7p -did, 3 = 5 -pregnene -Sp, 
20a-diol. 

The concentrations of the steroids identified were deter- 
mined in blood plasma samples collected from fetuses of 
both sexes and from the fetal as well as placental side of 
the umbilical cord. In addition, from two fetuses it was 
possible to obtain blood samples large enough to permit their 
separate analysis. The results of the estimations are given 
in Table 2. Progesterone was the only neutral steroid found 
in the fraction of unconjugated steroids. The sensitivity of 
the method used with the plasma samples available (2 , 4 -5 ml) 
did not allow the detection of compounds present in con- 
centrations lower than 1 ^g/lOO ml of plasma. For C^j steroids 
with several functional groups, the limit is still higher, owing 
to their late elution from the GLC columns used. 

Several neutral steroids were present as sulfates in 
fetal blood plasma (Table 1), i 6a-hydroxydehydroepiandrosterone, 
dehydroepiandrosterone, pregnenolone and 3p, 1 7p -dihydroxy -5 - 
-androsten-l 6-one being the main compounds in the monosulfate 
fraction and 5 -androstene -3P, 17a-dioI in the disulfate fraction (Table 2). 
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DISCUSSION 

The method applied to the analysis of neutral steroids in 
fetal blood plasma was largely the same as that used in the 
analysis of steroid mono- and di sulfates in adult human plasma 
(22). Combined GC-MS was used in the identification of the 
steroids and in the checking of the purity of their GL.C peaks. 
In these studies it was found that a more extensive fraction- 
ation of the steroids on silicic acid was necessary to obtain 
specific determinations of fetal plasma steroids. In this in- 
vestigation, the fraction of the unconjugated steroids separated 
by chromatography on Sephadex 1jH-20 (22) was analysed, too. 

All the steroids identified as sulfate conjugates have been 
reported to be present in the umbilical cord blood at the end 
of pregnancy (7-14, 17). Comparisons of the concentrations of 
the sulfated steroids in the fetal blood plasma of early and 
mid-pregnancy with those reported in blood plasma of term 
fetuses (17) show that the concentrations are very similar. It 
seems, however, that the concentrations of the epimeric andro- 
stenediols, 5 -androstene -3p, i 7a - and -]7p-diol, increase towards 
the end of pregnancy (see 17). This corresponds to the observa- 
tion that their concentrations in the amniotic fluid of early and 
mid-pregnancy are considerably lower than in term amniotic 
fluid (5, 6). The site of formation of these androstenediol di- 
sulfates is somewhat obscure, because only the 17p epimer, the 
minor compound in fetal blood plasma, has been found in low 
concentrations and as a monosuifate in fetal liver tissue (3). 
Small amounts of both compounds are present as di sulfates in 
fetal testes (4) but the blood plasma of female fetuses contains 
these two steroids in amounts comparable to those present in 
the plasma of males (Table 2), 

Blood samples were collected from both the placental and 
the fetal side after section of the umbilical cord, the former re- 
presenting umbilical venous blood and the latter umbilical arterial 
blood. From the limited number of samples available it seems 
that the concentrations of the 1 6a -hydroxylated compounds, l6a- 
-hydroxydehydroepiandrosterone and 1 6a-hydroxypregnenolone, as 
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well as that of 3p, 1 7a-dihydroxy-5 -pregnen-20 -one, are higher 
in the blood flowing to the placenta than in the blood returning 
from it, suggesting the removal of these compounds by the 
placenta (Table 2). This difference in the concentrations of 
1 6a-hydroxydehydroepiandrosterone sulfate has already been re- 
ported in fetuses at term (11, 12) and obviously is due to the 
synthesis of estriol from 1 6a-hydroxydehydroepiandrosterone 
(see _e,^. 1)2). 

The concentration of progesterone in cord venous blood 
plasma at parturition has been reported to be 24-1 53 fig/l 00 ml 
(mean values reported by different authors 49-102 ^g/lOO ml, 
summarized in 30), Therefore it seems (see Table 2) that in 
the course of pregnancy the concentration of progesterone in the 
fetal blood increases, as has been shown to be the case in the 

maternal blood (see 30). Compared with the published values for 

st 

the concentration of progesterone in maternal blood at the 1 
nd 

and 2 trimester of pregnancy (see 30), the concentration of 
progesterone in fetal blood is about twofold. This likewise cor- 
responds to the findings at the end of pregnancy (see 30), 

It is interesting to observe that at the level of detection 
(about i \ig/lOO ml blood plasma) progesterone is the only un- 
conjugated steroid in the blood flowing to and from the placenta. 
Therefore it seems that the steroids liberated from sulfated pre- 
cursors by the active placental sulfatases (31) are rapidly con- 
verted to estrogens or secreted into the maternal compartment. 
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